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ABSTRACT 
Apart from fungicidal effects, some fungicide classes have been reported to induce 
physiological changes in crops such as increased tolerance to abiotic stress, delayed 
senescence of the photosynthetic leaf area and modifications in the balance of plant 
growth regulators. The aim of this study was to investigate the effects of different 
fungicidal groups on physiological parameters of wheat through the use of non-invasive 
sensors and imaging techniques. Experiments were conducted under field and also under 
disease-free conditions in the greenhouse. 
Under field conditions, application of the azole, carboxamide and strobilurin compounds 
resulted in low disease incidence. All fungicide treatments delayed the senescence of the 
uppermost leaf layers; treatments with longer leaf life and lower disease incidence 
resulted in higher chlorophyll content. The effect of the fungicides on wheat senescence 
was positively correlated to grain yield and the thousand-kernel weight. However, under 
field conditions, the presence of the main foliar pathogens of wheat influenced the green 
leaf area duration as well as the yield, generating a disadvantage for the fungicide 
treatments with low disease control efficacy.  
Under disease-free conditions, an effect produced by the pyrazole carboxamide fungicide 
bixafen was observed. Bixafen delayed the senescence of leaves and ears resulting in a 
significantly extended green leaf area duration compared to untreated plants. In addition, 
an effect produced by this compound on morphogenesis was observed. The combination 
of the positive effects on physiology and morphogenesis of wheat resulted in a yield 
advantage of bixafen-treated plants. Furthermore, bixafen had a positive effect on plant 
tolerance to water stress conditions.  
Different non-invasive sensors and imaging techniques were used and compared to 
measure the effects of fungicidal compounds on wheat physiology. By using ground-
based optical sensors it was possible to detect the influence of fungicidal compounds in 
crop physiology, i.e. degradation of photosynthetic pigments, photosynthetic activity, leaf 
reflectance, and transpiration of plant tissue earlier than with destructive and visual 
methods. Chlorophyll fluorescence of leaves was useful to measure differences in the 
effective quantum yield of photosystem II. Reflectance measurements of wheat leaves 
were highly sensitive to changes in plant vitality. The spectral vegetation indices were 
useful to determine differences between treatments in terms of leaf senescence, pigments 
and water content. Digital infrared images revealed significant differences between 
untreated and fungicide-treated plants at different growth stages. Moreover, thermography 
proved to be a suitable technique for distinguishing the beneficial effects of fungicides on 
plant senescence under different water supply conditions. Through the use of an image 
analysis software program, leaf senescence differences were successfully detected, thus 
allowing an early detection of the effect produced by the fungicide on the senescence 
status of flag leaves. Using hyperspectral imaging, it was possible to study differences in 
the senescence status of flag leaves. Furthermore, through the analysis of hyperspectral 
images it was achievable to study the pattern of the senescence process in flag leaves 
and to determine a delay of senescence of wheat produced by fungicides.  
The results of this study demonstrated that non-invasive sensors and imaging techniques 
are excellent alternatives to conventional screening methods for detecting the beneficial 
effects of fungicides on plant physiology. Furthermore, among this innovative group of 
sensors and techniques it was spectrometry, which proved to be the most sensitive and 
specific method with a high potential for large-scale fungicide screening. Sensors can be 
incorporated in automatic and reproducible screening of new active ingredients with high 
efficiency and accuracy. The recent development of hyperspectral imaging techniques will 
improve future studies to additionally explore plant physiology with high spatial and 
temporal resolution. 
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KURZFASSUNG 
Für einige fungizide Wirkstoffgruppen ist neben einer fungiziden Wirksamkeit auch eine 
Wirkung auf die Pflanzenphysiologie, wie zum Beispiel eine erhöhte Widerstandsfähigkeit 
gegenüber abiotischen Stress, eine Verzögerung der Seneszenz, Veränderungen in der 
photosynthetisch aktiven Blattfläche und Modifikationen im Verhältnis von 
Wachstumsregulatoren beschrieben. Das Ziel dieser Arbeit war die Erfassung von 
Effekten unterschiedlicher fungizider Gruppen auf physiologische Parameter von Weizen 
mittels nicht-invasiver Sensoren und bildgebender Verfahren. Die Versuche wurden 
sowohl unter Feldbedingungen als auch unter Krankheits-freien 
Gewächshausbedingungen durchgeführt. Unter Feldbedingungen herrschte ein geringer 
Krankheitsdruck bedingt durch die Applikation von Wirkstoffen aus den Gruppen der 
Azole, Strobilurine und Carboxamide. Alle Funizidapplikationen führten zu einer 
verzögerten Seneszenz der obersten Blattetage, dies wiederum führte zu einer längeren 
Vitalität der Blätter bei erhöhtem Chlorophyllgehalt. Der Einfluss der Fungizide auf die 
Seneszenz von Weizen war positiv mit dem Körnerertrag und dem Tausend-Körner-
Gewicht korreliert. Unter Feldbedingungen beeinflusste jedoch das Vorkommen der 
wichtigsten pilzlichen Pathogene im Weizen die Dauer der grünen Blattfläche sowie den 
Ertrag. Ein Nachteil konnte bei Varianten mit geringer fungizider Wirksamkeit beobachtet 
werden. Unter Krankheits-freien Bedingungen wurde ein Effekt von Wirkstoffen aus der 
Gruppe der Carboxamide beobachtet. Der fungizide Wirkstoff Bixafen verursachte eine 
Verzögerung der Seneszenz der Blätter und Ähren und eine signifikante Verlängerung der 
Dauer der grünen Blattfläche im Vergleich zu unbehandelten Pflanzen. Zusätzlich wurde 
ein Effekt dieses Wirkstoffes auf die Pflanzenmorphogenese beobachtet. Die Kombination 
positiver Effekte sowohl auf die Physiologie als auch auf die Morphologie von 
Weizenpflanzen führte zu einem Ertragsvorteil von Pflanzen, behandelt mit Bixafen. 
Ebenso zeigte Bixafen einen positiven Einfluss gegenüber Trockenstress. 
Unterschiedliche nicht-invasive Sensoren und bildgebende Verfahren wurden angewendet 
und verglichen, um den Effekt von Fungiziden auf die Physiologie von Weizen zu messen. 
Durch den Einsatz von optischen Sensoren war es möglich, den Einfluss von fungiziden 
Wirkstoffen auf die Pflanzenphysiologie, wie z.B. Abbau von Blattpigmenten, 
Photosyntheseaktivität, Pflanzenreflektion und Transpiration von Pflanzen, früher als mit 
herkömmlichen visuellen oder oft destruktiven Methoden zu erfassen. Durch 
Chlorophyllfluoreszenz-Messungen von Weizenblättern konnten Unterschiede im 
Effektivem Quantum Yield des Photosystem II gezeigt werden. Reflektionsmessungen 
waren besonders sensitiv gegenüber Veränderungen in der Pflanzenvitalität. Spektrale 
Vegetations Indizes wurden berechnet um Unterschiede zwischen den Versuchsvarianten 
bezüglich der Blattseneszenz, Pigmentgehalt und Wassergehalt zu detektieren. Durch 
digitale Infrarot-Thermographie konnten signifikante Unterschiede in der Transpiration von 
Weizen zwischen unbehandelten und Fungizid-behandelten Pflanzen zu 
unterschiedlichen Entwicklungsstadien gemessen werden. Des Weiteren ist dieses 
Verfahren geeignet um unterschiedliche Wasserverfügbarkeiten aufzuweisen. 
Unterschiede in der Blattseneszenz wurden an RGB-Bildern mittels Bildanalyse 
quantifiziert; hierdurch konnte eine frühzeitige Detektion des Einflusses von Fungiziden 
auf die Vitalität des Fahnenblattes gemessen werden. Mittels hyperspektraler 
bildgebender Verfahren war es ebenfalls möglich diese Unterschiede im Seneszenzstatus 
und im Seneszenzverlauf des Fahnenblatt beobachtet werden. Die Ergebnisse dieser 
Studie belegen, dass nicht-invasive Sensoren und bildgebende Verfahren hervorragende 
Alternativen zu konventionellen Screening-Verfahren zur Bewertung positiver 
Nebeneffekte von Fungiziden auf die Pflanzenphysiologie sind. Es hat sich gezeigt dass 
Reflektionsmessungen in diesem Zusammenhang besonders sensitiv und spezifisch sind 
und ein großes Potential für großflächige Fungizid-Screening Anwendungen haben. 
Optische Sensoren können in automatische Screeningvorgänge implementiert werden 
und zu neuen Wirkstoffgruppen zuverlässige und reproduzierbare Erkenntnissen liefern. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
  
1. IMPORTANCE OF WHEAT 
 
Wheat (Triticum aestivum) is a monocotyledonous plant, which belongs to the Poaceae 
family. The origin of wheat is thought to have occurred in the Middle East as a result of the 
hybridization between the diploid einkorn Triticum species with a wild grass-like Aegilops 
species (Jones and Clifford, 1983; Nesbitt, 1998). Wheat is one of the most important 
crops for human nutrition. Due to the high starch content in the grain (60-70%) wheat has 
been one of the main sources of calories for the human diet (Shewry, 2009). Wheat has 
been grown successfully in different environments from Scandinavia to Argentina, 
covering latitudes from the equator to 60° N and 44° S (Singh et al., 2011). It has become 
in one of the most important elements of the agricultural economy of many countries 
around the world. In fact, as shown in figure 1.1, total wheat production has seen an 
increase worldwide during the last 10 years. 
 
 
Figure 1.1: Wheat production during the last decade (FAOSTAT, 2011). 
 
The main reasons for the increment in wheat production during the last decade have been 
a rise of the cultivated area (around 3%) as well as higher yields per hectare (around 
10%). According to FAO (2013), the countries that reported the largest productions 
worldwide in 2011 were China, India, Russia, United States and France. 
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2. CHEMICAL CONTROL OF FOLIAR WHEAT DISEASES 
 
One of the most limiting factors of wheat production is related to phytosanitary problems, 
which increase the costs of production, generate yield losses and reduce grain quality. 
Different organisms such as fungi, bacteria, nematodes, viruses and insects can cause 
several issues on the plant. In wheat producing countries, the presence of fungi, causes 
most of the phytosanitary problems. Among the fungal diseases, the most common 
limiting foliar diseases affecting wheat production are Septoria leaf blotch (Septoria tritici), 
leaf rust (Puccinia triticina) and powdery mildew (Blumeria graminis) (Shipton et al., 1971; 
Kolmer, 2005; Bennett, 1984). Several strategies, such as crop rotation, use of resistant 
varieties and application of fungicides have been used to control foliar pathogens. Among 
these, the use of fungicides has been one of the most successful and widespread 
methods implemented to sustain wheat production that has prevented yield losses and 
produced an increase in economic returns.  
In addition, a variety of studies have demonstrated that application of fungicides can result 
in yield increases, which are attributed to the control of foliar pathogens (Caldwell and 
Starratt, 1987; Loughman and Thomas, 1992). As shown by Wegulo et al. (2009) from 
27% to 42% yield loss was avoided by applying fungicides in wheat. The advantage of the 
use of fungicides to control foliar pathogens with respect to the other alternatives is due to 
the fact that they can be applied when needed depending on disease incidence. However, 
the widespread use of fungicides has generated an increment of the appearance of 
pathogen strains resistant to some commercial products (García et al., 2003). 
The use of chemical compounds to control plant diseases dates back to the 19th century, 
when in 1807, Prévost demonstrated the control of wheat bunt (Tilletia caries) by applying 
copper sulphate (Russell, 2005). From then until the 1940s, the chemical control of plant 
diseases was performed mainly through the application of inorganic preparations such as 
the Bordeaux mixture (copper sulphate, fresh burned lime and water) and Woburn 
Bordeaux emulsion (copper sulphate, lime water, water and paraffin) (Russell, 2005). 
Then in 1934, as a result of the screening of chemicals for the vulcanization process of 
rubber, dithiocarbamates were discovered and patented as fungicides (Russell, 2005). 
This group was in many cases more efficient than inorganic products such as copper or 
sulphur (Jones and Clifford, 1983). 
An important expansion of the chemical sector occurred during the 60s; compounds like 
mancozeb, chlorothalonil, among others were introduced. Another important and 
characteristic development of this time was the introduction of systemic compounds such 
as benomyl. In the 1970s the first sterol biosynthesis inhibitors (triazoles) were introduced 
and exhibited great success in the market (Kuck and Vors, 2012). Then in the 1990s, 
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another important group introduced into the market was the quinone outside inhibitors 
(QoIs, strobilurins); these fungicidal compounds were discovered and isolated from the 
mycelium of Strobilurus tenacellus a wood-decaying Basidiomycete species (Anke et al., 
1977).  
Finally, the last decade has seen the reintroduction of another fungicidal group: succinate 
dehydrogenase inhibitors (SDHIs). In the 1960s, the firsts SDHIs were developed mainly 
to control pathogens such as Ustilago maydis and other basidiomycetes (Ulrich and 
Matre, 1972). The SDHIs belonging to the chemical class of pyrazole carboxamides 
developed recently such as penthiopyrad or bixafen are characterized to have a broader 
spectrum of fungicidal activity including also ascomycetes of agronomic importance 
(Avenot and Michailides, 2010). Bayer CropScience discovered bixafen in 2001, and it 
shows high efficacy against many cereal pathogens in numerous field trials (Suty-Heinze 
et al., 2011).  
Fungicides have been used in wheat production since the introduction of the first systemic 
fungicides in the 1960s (Hewitt, 1998). To control the main foliar diseases in wheat, the 
principal fungicidal groups used are triazoles, strobilurins, morpholines, and recently, the 
SDHIs. In North America the main fungicidal groups used to control foliar diseases in 
wheat are strobilurins and triazole (Wegulo et al., 2012). 
The effectiveness of the fungicide application in controlling foliar pathogens is mainly 
attributed to the accuracy and period of the application as well as the efficacy of the active 
ingredient. In wheat, to guarantee an optimum grain yield the fungicide application should 
concentrate on providing protection to the flag leaf, since this leaf layer contributes a 
majority of the photoassimilates required for grain filling. Application of fungicides in wheat 
production varies from 0 to 4 applications per season depending on the region and the 
disease incidence (Jörgensen et al., 2008). Farmers usually apply fungicides early in the 
season to control diseases such as tan spot. Then a second application is performed 
mainly to protect the flag leaf and is sometimes followed by a third application which is 
performed at early flowering to reduce the incidence of Fusarium head blight (Wegulo et 
al., 2012). 
 
3. SIDE EFFECTS OF FUNGICIDES ON PLANT PHYSIOLOGY 
 
In addition to the fungicidal effect, several studies have reported a range of benefits 
resulting from the use of some fungicidal groups on the physiology of wheat. The majority 
of these experiments demonstrated that the application of some fungicides, especially 
strobilurins, resulted in increased grain yields and grain protein content, which were 
associated with the delay of senescence of the flag leaves.  
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Specifically, the application of pyraclostrobin (Jabs et al., 2002), azoxystrobin (Bertelsen 
et al., 2001) and kresoxim-methyl (Grossmann and Retzlaff, 1997) resulted in an 
extension of the leaf lifetime by delaying senescence processes, and was often 
associated with increased yields (Grossmann and Retzlaff, 1997). 
The extension of the green leaf area duration (GLAD) triggered by strobilurins has been 
explained by an effect of strobilurins on the metabolism of phytohormones. Kresoxim-
methyl increased the endogenous cytokinin level of wheat tissue and reduced the 1-
aminocyclopropane-1-carboxylic acid (ACC) content, which catalyzes the first step in the 
biosynthesis of ethylene (Grossmann and Retzlaff, 1997).  
Other observations have reported that the use of fungicides may cause an improvement 
of plant tolerance to water deficit stress. Application of fungicidal compounds belonging to 
the strobilurin and azole groups resulted in an increment of plant tolerance to different 
environmental stresses (Wu and Von Tiedemann, 2002; Jaleel et al., 2006). For example, 
foliar application of pyraclostrobin resulted in a reduction of the ethylene biosynthesis in 
treated wheat shoots after short-term drought stress (Jabs et al., 2002). Similarly, horse 
chestnuts trees (Aesculus hippocastanum) treated with either epoxiconazole, 
propiconazole, penconazole or paclobutrazol were more tolerant to drought stress than 
untreated plants (Percival and Noviss, 2008). It was also observed that triazole treated 
trees had higher photosynthetic rates, total foliar chlorophyll and proline concentration 
than untreated tress at the end of a three-week drought (Percival and Noviss, 2008).  
Another reported effect of fungicides on plant physiology is an increase of the activity of 
antioxidant enzymes produced by strobilurins as well as by triazole application in plants 
exposed to water deficit. Wu and Von Tiedeman (2002) reported that azoxystrobin 
application significantly increased the activity of the antioxidative enzymes superoxide 
dismutase (SOD), ascorbate peroxidase (APX) and catalase (CAT), protecting barley 
plants against injurious ozone doses. In contrast to untreated plants, cowpea plants 
treated with propiconazole were more resistant to the adverse effects of drought stress, 
and additionally the activity of SOD, APX and CAT was reported to be higher in treated 
plants (Manivannan et al., 2007).  
Nevertheless, fungicides may also generate some phytotoxicity in crop plants. Foliage 
growers in the 1980s reported phytotoxic effects after benzimidazole applications        
(Van Iersel and Bugbee, 1996). A slight phytotoxicity was observed in cocoa due to azole 
application (Prior, 1987). Holderness (1990) reported side effects of triazoles such as an 
inhibition of the stem extension in cocoa plants. Furthermore, fungicide application may 
generate a fluctuation in the photosynthetic activity of plants. For example, fludioxonil 
application induced a reduction of the net photosynthetic rate of grapevine (Petit et al., 
2008). 
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4. NON-INVASIVE METHODS USED FOR THE ASSESSMENT OF FUNGICIDE 
EFFECTS ON WHEAT PHYSIOLOGY 
 
4.1. Photosynthetic activity 
4.1.1. Gas exchange 
The measurement of the photosynthetic activity of plants may provide crucial information 
regarding plant vitality. Carbon dioxide (CO2) is one of the main substrates for the 
transformation of sunlight to chemical energy by the process of photosynthesis. Therefore, 
assessment of CO2 uptake becomes an accurate technique to determine the 
photosynthetic activity of plants. The gas exchange is one of the most commonly utilized 
tools to determine the photosynthetic activity of plants (Long et al., 1996). Gas exchange 
measurements are based on the placement of a sample in a closed chamber in order to 
assess fluctuations in the proportion of gases inside the chamber (Millan-Almaraz et al., 
2009). Gas exchange methods may also be open systems, which measure the CO2 
concentration in the airflow passing over the sample or may be closed systems, where the 
air passes through a chamber and the CO2 taken from a fixed volume of air is measured 
(Millan-Almaraz et al., 2009). However, nowadays the open systems are the most 
commonly used (Gallé and Flexas, 2010). According to Hunt (2003), the open flow gas 
exchange systems have several advantages, which are: i) photosynthesis and respiration 
may be assessed continuously, ii) different types of samples (leaves, roots, entire plants) 
may be monitored due to the diversity of the chamber designs, iii) it is possible to control 
environmental conditions in a flushed chamber and iv) it is a non-destructive method. 
Nearly all open flow gas systems consist of the following parts: an air supply unit, a 
precision flow meter, a sample chamber and the Infrared Gas Analyzers (IRGAs) (Gallé 
and Flexas, 2010).  
In this particular study, the open flow differential infrared gas analyzer system CMS-400 
(Walz, Germany) was used. The CMS-400 is based on a central unit, in which two IRGAs 
measure the CO2 and H2O vapor concentration in the air. In brief, in the CMS-400 the air 
supply passes through a buffer vessel. Before entering into the main unit, the air is 
adjusted by flowing through a condenser (Fig. 1.2). Upon entering the main unit, the air is 
divided in two streams, a measuring gas stream and a reference gas stream. The 
measuring stream passes to the cuvette and the reference stream enters an external 
compensation vessel. Afterwards, to assess the H2O concentration differences both gases 
pass through a H2O IRGA. Subsequently, both streams pass through a condenser in order 
to dry the air. Then both gas streams flow through a CO2 IRGA to determine differences in 
the CO2 concentration (ppm) (modified from Mandemaker, 2007). 
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Figure 1.2: Diagram of the air movement in the Walz CMS-400 gas exchange system (modified 
from Mandemaker, 2007). 
 
Gas exchange measurements have been used with great success to study the effect of 
fungicides on plant physiology. Beck et al. (2001) confirmed by gas exchange 
measurements a higher photosynthetic activity of strobilurin treated plants in wheat field 
trials, which resulted in a yield benefit up to 9%. 
 
4.1.2. Chlorophyll fluorescence 
When light from the visible spectrum strikes a leaf it can go in one of the three following 
outcomes: i) it can be absorbed and used as a substrate for photochemical reactions 
(photochemical quenching - qP), ii) it can be dissipated as heat (nonphotochemical 
quenching - qN), or iii) it can be re-emitted as light – chlorophyll fluorescence 
(fluorescence quenching - qF) (Maxwell and Johnson, 2000; Ritchie, 2006; Baker, 2008). 
More than 80% of the light capture is utilized by photosynthesis (Bürling, 2010) and just 
1% - 2% is dissipated as heat and fluorescence (Maxwell and Johnson, 2000). 
Nevertheless, the fact that these three possible light pathways occur in competition 
indicates that an increase in the proficiency of one of them will result in a decrease of light 
used for the remaining processes (Maxwell and Johnson, 2000). Therefore, the 
assessment of the chlorophyll fluorescence allows determining changes in the efficiency 
of the photosynthetic activity of plants. Furthermore, it has been demonstrated that 
changes in the chlorophyll fluorescence emission are associated to changes in the 
photosynthetic activity (Baker and Rosenqvist, 2004).  
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In green plants, chlorophyll and carotenoids capture the absorbed light necessary to drive 
photosynthesis. Afterwards, the absorbed light (photons) might enter into one of the two 
reaction centers referred to as: photosystems I and II (PSI and PSII) located on 
membranes in the chloroplasts (Ritchie, 2006). During photosynthesis, when a photon is 
absorbed by the PSII an electron becomes exited to a higher energy level and then 
transferred to the primary quinone acceptor (QA). If the former does not occur, the excited 
electron decays back to the ground state, generating a loss of energy resulting in 
fluorescent light (Ritchie, 2006). At room temperature, most of the chlorophyll 
fluorescence (about 90%) is emitted from PSII (Govindjee, 1995). Therefore, chlorophyll 
fluorescence provides a means to assess the operating quantum efficiency of electron 
transport through PSII in leaf tissue (Genty et al., 1990).  
Hans Kautsky and co-workers described the first observations of chlorophyll fluorescence 
in 1931 (Govindjee, 1995). They reported that dark-adapted photosynthetic material 
shows an increase in the yield of the chlorophyll fluorescence when illuminated 
continuously with light, which is now referred to as the Kautsky effect (Govindjee, 1995). 
The increment of fluorescence emission results from a reduction of the electron acceptors 
in the photosynthetic pathway (Maxwell and Johnson, 2000). 
When a dark-adapted leaf is exposed to a weak modulated measuring b  m (  . 0.1 μmol 
photons m-2 s-1), it results in a minimal level of fluorescence – Fo; in this state the PSII 
reaction centers are maximally open (Fig. 1.3; Baker, 2008). Then, a saturating flash of 
l   t  s  ppl    (≤ 1 s  ur t on, > 6000 μmol p otons m-2 s-1) reaching the maximal 
fluorescence level - Fm as a consequence of the maximal reduced QA. At this point, the 
PSII reaction centers are maximally closed incapable of performing photochemistry. The 
difference between Fm and Fo is referred to as variable fluorescence - Fv. The maximum 
quantum yield of QA reduction is estimated by the ratio of Fv/Fm. Subsequently, the 
chlorophyll fluorescence starts to fall due to a much lower steady state. At this point, if the 
leaf is exposed to a continuous actinic l   t t  t w ll  r v  p otosynt  s s (685 μmol 
photons m-2 s-1) it is possible to determine the F’. When a brief saturating light pulse is 
applied the maximal fluorescence level Fm’ is attained, and the difference between these 
two parameters can be expressed as Fq’. Therefore, the ratio of Fq’/Fm’ represents the 
quantum yield of PS II before application of a saturating light pulse. This ratio can be used 
to estimate the non-cyclic electron transport rate (ETR) through PSII (Bürling, 2010). 
In this study, the chlorophyll fluorescence technique used was the quenching analysis of 
modulated fluorescence by the saturation pulse method (PAM). This method is based on 
an initial light pulse followed by a succession of rapid pulses that overwhelm the electron 
acceptor pools (Ritchie, 2006). As described previously, figure 1.3 shows a typical PAM 
fluorescence measurement. 
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Figure 1.3: Typical chlorophyll emission from a dark-adapted leaf using modulated fluorescence 
where different quenching parameters are measured (see text, Baker, 2008). 
 
Qingtao et al. (2002) reported that in senescent flag leaves of wheat the PSII apparatus 
remains functional while photosynthetic activity decreases. Since this decrease in 
senescent leaves is associated to the reduction of the photochemical events of PSI and 
PSII (Grover and Mohanty, 1992), the use of a chlorophyll fluorometer is an accurate 
method to detect changes in the senescent states of plant tissue due to fungicide 
application. 
 
4.2. Transpiration 
4.2.1. Infrared thermography 
Plant temperature depends mainly on environmental factors such as the temperature of 
the environment, relative humidity, incoming radiation as well as the water status and the 
transpiration rate of plants (Oerke and Steiner, 2010). Plant transpiration is the process 
plants control tissue temperature and it is regulated by stomatal aperture (Jones, 1998). A 
negative correlation has been observed between plant surface temperature and 
transpiration rate (Chaerle and van der Straeten, 2000; Jones and Schofield, 2008).  
In the past, plant temperature was measured primarily using non-contact thermometers 
with the disadvantage that most of these instruments were only allowed to measure the 
temperature at specific points (Oerke and Steiner, 2010; Vadivambal and Jayas, 2011). 
However, at present most studies are performed using infrared thermography, a real-time 
measuring technique that allows measuring the plant surface temperature in a non-
invasive approach.  
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The assessment of the surface temperature by infrared thermography is based on the fact 
t  t  ll obj  ts  t   t mp r tur   bov   bsolut  z ro (0 K; −273.16 °C; -459.69 °F) emit 
infrared rays (infrared radiation – IR) in the range of 0.75 - 1000 μm of the electromagnetic 
spectrum. The radiation intensity emitted by an object is principally related to its surface 
temperature (Vadivambal and Jayas, 2011). IR thermography provides a visualization of 
an object‟s surface temperature by detecting emitted infrared radiation (long-wave infrared 
[8-14 μm]), w      s  llustr t    n   ls   olor  m   s (C   rl   n  v n   r Str  t n, 2000). 
IR thermography translates the emitted radiation into temperature values. In 
thermographs, each image pixel gives a temperature value of the measured object 
(Mahlein et al., 2012). 
Digital infrared thermal imaging techniques have the advantages that they are non-
invasive and non-destructive methods, which allows determining the temperature 
distribution of an object and also a direct comparison of the temperature of plants treated 
differently under the same climate conditions (Berdugo et al., 2012; Mahlein et al., 2012).  
Thermography has been used successfully in several fields such as medicine, veterinary, 
environment and agriculture (Meola and Carlomagno, 2004). In the case of the agricultural 
sector, IR thermography has been useful to monitor changes in the transpiration rate of 
plants due to factors such as abiotic and biotic stresses (Ayeneh et al., 2002; Jones et al., 
2009; Oerke et al., 2006; Stoll et al., 2008). One of the first stages of plant senescence is 
stomatal closure, which corresponds to a diminution of transpiration rate (Munne-Bosch 
and Alegre, 2004). This, in turn, can result in an increase of tissue temperature and 
consequently, a decrease of leaf photosynthetic activity (Kitaya et al., 2003). 
Thermography can then be used as an accurate technique to detect differences in canopy 
temperature related to plant senescence as reported by Lenthe et al. (2007). 
Thermography has been used successfully in previous studies to estimate the effect of 
fungicides on physiological parameters such as the plant tolerance to water deficit stress 
(Inagaki et al., 2009). They reported that thermography allowed to establish differences in 
leaf temperature between pyraclostrobin treated and untreated plants growing under 
increasing water deficit conditions. Furthermore, thermograms of wheat plants revealed 
significant differences between untreated and fungicide treated plants at different growth 
stages (Berdugo et al., 2012). Moreover, this technique was useful to assess the effect of 
fungicides on vitality and yield of wheat in field trials (Lenthe et al., 2007). 
 
4.3. Senescence status 
4.3.1. Spectrometry 
When the incoming radiation from the sun strikes the surface of an object, it can be 
reflected (diffuse, specular), transmitted (with refraction) or absorbed. This interaction 
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depends mainly on the properties of the radiation and also on the properties of the object 
(Kumar et al., 2001). Due to the fact that light absorption is rather important for plant 
physiological processes, there has been considerable interest in studying the implications 
of the canopy vitality on plant reflectance. 
Plant reflectance results from many interactions of specific plant variables, i) biochemical 
variables such as pigments, water, lignin and cellulose concentration, and ii) structural 
variables such as plant and canopy architecture (intercellular space, cell arrangement, 
anatomy) (Asner, 1998).  
The majority of the radiation emitted by the sun occurs in the range of 200 to 2500 nm 
(Ollinger, 2011). The reflectance of the sunlight is partitioned into three wavelength 
ranges: the visible (VIS, 400 to 700 nm), near infrared (NIR, 700 to 1100 nm) and short 
wave infrared (SWIR, 1100 to 2500 nm) range (Fig. 1.4). The reflectance in the VIS region 
is low as a consequence of the high absorption of light to drive photosynthesis by plant 
pigments such as: chlorophylls (chlorophyll a and b) that absorb violet-blue (400 to 500 
nm) and red light (650 to 700 nm); carotenoids (carotenes and xanthophylls) which absorb 
blue light (400 to 495 nm); and anthocyanins with a maximum light absorption at 550 nm 
(Fig. 1.4; Sims and Gamon, 2002; Gitelson et al., 2001; Ollinger, 2011). In VIS region, 
there is a reflectance peak at approximately 540 nm due to a relative lack of absorption in 
the wavelengths between the two chlorophyll absorption bands (Jensen, 2002). In a 
typical healthy green leaf the reflectance increases dramatically between 680 and 750 nm; 
t  s tr ns t on r   on o  t   sp  tr   s r   rr   to  s t   “r  -    ”,  n   t  s t   tr ns t on 
between the VIS and the NIR region (Filella and Peñuelas, 1994). 
In plants, the light reflectance and transmittance in the near-infrared region is high as a 
consequence of low light absorption by pigments above 700 nm (Fig. 1.4; Merzlyak et al., 
2002). Comparison of the reflectance and transmission between green and white (albino) 
corn leaves has shown that pigment concentration did not affect the reflectance in this 
spectral region (Maas and Dunlap, 1989). Rather, the reflectance in this region is mainly 
influenced by structural variables such as internal structure and surface characteristics 
(Jensen, 2002). In this region, between 40 to 60 percent of the incident energy is reflected 
by the spongy mesophyll and the remaining 45 to 50 percent is transmitted through the 
leaf resulting in an absorbance between 5 to 10 percent (Jensen, 2002). The reflectance 
in the short wave infrared region (SWRI) is strongly influenced by the water absorption 
and it is much lower than in the NIR (Fig. 1.4; Kumar et al., 2001). This region is more 
sensitive to estimate the vegetation water content than the VIS and the NIR (Tucker, 
1980). There is a strong correlation between the reflectance in this region and the water 
content on the leaves (Jensen, 2002). 
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Figure 1.4: Typical reflectance spectra of vegetation in the VIS, NIR, and SWIR and absorption 
characteristics of biochemical plant components (modified from Curran, 1989; Jensen, 2002; 
Mahlein, 2011). 
 
Plant reflectance can be measured by imaging and non-imaging sensors (Melesse et al., 
2007). With non-imaging sensors, it is possible to measure an average of the reflectance 
of a defined area (Mahlein et al., 2010), whereas imaging sensors such as hyperspectral 
cameras allows the detection of spectral information of a plant with high spatial resolution 
(Mahlein et al., 2012). 
In a hyperspectral image, each pixel has a spectrum; therefore, it is possible to spatially 
map the information of the signal from the studied object (Kumar et al., 2001).   
In order to analyze the spectral signatures of vegetation, different spectral vegetation 
indices (SVIs) have been developed during the last years. They are spectral algorithms 
based on specific wavelengths of the spectral signature (Mahlein et al., 2012). SVIs are 
quantitative measurements, which have more sensitivity than simple spectral bands to 
estimate different parameters related to plant vitality (Bannari et al., 1995).  
SVIs like the photochemical reflectance index (PRI, Gamon et al., 1992), plant 
senescence reflectance index (PSRI, Merzlyak et al., 1999), anthocyanin reflectance 
index (ARI, Gitelson et al., 2001) and water index (WI, Peñuelas et al., 1997) are highly 
correlated to biochemical and biophysical plant parameters, which are related to plant 
health and vitality. Therefore, spectral reflectance measurements and SVIs can provide a 
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non-destructive assessment of changes of the physiological status and vitality of 
vegetation caused by stress conditions (Blackburn, 1998; Römer et al., 2012) and may be 
used to monitor physiological changes caused by fungicides to crop plants like the delay 
of senescence. 
Spectrometry has been a suitable technique to measure the effect of biotic and abiotic 
stresses on plant vitality (Mahlein et al., 2012). Different studies have linked the spectral 
reflectance of radiation to the physiological status of plants (Asner, 1998; Carter and 
Knapp, 2001; Stylinski et al., 2002). A healthy leaf represents highly performing 
photosynthetic machinery, efficiently absorbing radiation in the visible part of the spectrum 
(Gitelson and Merzlyak, 1994). Therefore, reflectance in the VIS is highly correlated to the 
pigment content and subsequently to plant vitality (Gitelson and Merzlyak, 1996; Carter 
and Knapp, 2001).  
Another useful application provided by the use of spectrometry is the measurement of the 
senescence status of plants. During senescence, chlorophyll concentration decreases, 
whereas carotenoids and anthocyanins become apparent (Gitelson et al., 2001; Merzlyak 
et al., 1999); this accounts for the yellowing of senescent leaves. This yellowing causes 
an increase of reflectance in the VIS, and is measurable with some vegetation indices 
such as the anthocyanin reflectance index (ARI) in an early stage of senescence. Besides 
changes in pigmentation, leaf senescence produces differences in leaf structure and leaf 
water content. This was assessable in the NIR of the reflectance spectrum and by the WI 
as an indicator of leaf water content (Peñuelas et al., 1997; Carter and Knapp, 2001).  
Hyperspectral imaging techniques have been used to assess changes produced by 
pathogen infections in several crops (Rumpf et al., 2010; Mahlein et al., 2012). Moreover, 
it has been used effectively to measure the effect of biotic and abiotic stresses on plant 
vitality (Mahlein et al., 2012) and to detect changes in plant senescence (Santos et al., 
2010). 
 
4.3.2. Analysis of RGB images 
The color images captured by digital cameras are composed of three colors (red-R, 
green-G and blue-B) based on the three-dimensional model color space RGB model 
(Bock et al., 2010). The main reason for using digital cameras is that they are inexpensive 
and simple to operate (Bock et al., 2010). Furthermore, image collection equipment can 
acquire several images per hour, which can be further analyzed with an imaging analysis 
software program (Diaz-Lago et al., 2003; Mirik et al., 2006).  
There are many image analysis software programs available, which have been used 
mainly in the quantification of the severity of plant diseases (Bock et al., 2010). The image 
analysis software programs are based on the process called segmentation, which is the 
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method to separate areas of interest based on selecting pixels that match a specific 
criteria (Russ, 1998; Bock et al., 2010). The software used in this study was ASSESS© 2.0 
(ASSESS©: Image Analysis Software for Plant Disease Quantification, APS Press, St. 
Paul, MN, USA, Lamari, 2002), which is based on segmentation and it is a popular 
software used for disease quantification showing it to be more precise than visual 
assessment (Steddom et al., 2005; De Coninck et al., 2012). The program analyzes the 
images based on setting the thresholds between healthy areas and lesion areas (Bock et 
al., 2010) and can likewise to be used to set thresholds between the green area and 
senescent leaf area. After thresholding, the program calculates the area of interest in 
pixels (Bock et al., 2010). 
In order to study the effect of fungicides on the senescence of plants, methods such as 
chlorophyll extraction and visual assessment have been used. Unfortunately, these 
approaches have some disadvantages. Chlorophyll extraction is a destructive method; 
therefore, it is not possible to follow the same replicate in time series experiments. 
Furthermore, this technique is restrictive to a small part of the leaf.  In the case of visual 
assessment, the disadvantages are that the perception of colors and light may vary 
among raters (Bock et al., 2010) and due to the nature of the senescence, which is not 
always homogeneous, the rating could be incorrect and imprecise (Hafsi et al., 2000). 
Therefore, the use of image analysis software programs serves as a more suitable 
method to quantify the differences in the senescence status of plants due to fungicide 
application. Thus far, imaging analysis software programs have been used successfully to 
study differences in the senescence status of plants. For example, using digital image 
analysis software it was possible to quantify the senescence status of cereal leaves (Hafsi 
et al., 2000). 
 
5. SCOPE OF THE STUDY 
 
Most of the research to date has focused on studying the efficacy of fungicides against 
plant pathogens. However, some fungicides such as strobilurins and triazoles are 
described to have additional effects on wheat physiology. Strobilurins and triazoles have 
been reported to induce physiological changes in crops, like increased tolerance against 
abiotic stress, darker green appearance of leaves, delayed senescence of photosynthetic 
leaf area and changes in the balance of phytohormones. 
Recently, a variety of broad-spectrum fungicide classes have been developed to control 
cereal pathogens, e.g. succinate dehydrogenase inhibitors (SDHIs) such as bixafen which 
is a pyrazole carboxamide. There is great interest to further study the effect of the SDHIs 
on the physiology and yield formation of crop plants due to the fact that positive effects 
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have been observed previously under field conditions. 
The study of the possible beneficial effects produced by fungicides on plant physiology 
has received more attention nowadays due to several reports describing the positive 
effect of different fungicidal groups as observed from the evaluation of plant physiological 
parameters. There are different methods available to measure the effects of fungicides on 
plant physiology, such as quantification of green leaf area duration, determination of the 
chlorophyll content, measurement of enzymatic activities associated to senescence, as 
well as the assessment of changes in the balance of plant growth regulators. However, 
most of these methods require destructive sampling of the plant tissue, which is laborious 
and time consuming, and do not allow following the same leaves throughout the crop 
development. Therefore, an alternative to destructive methods is the use of non-invasive 
sensors and imaging techniques, which may enable the detection of early changes in 
plant physiology. Nevertheless, there are still several challenges to determine the 
potential of these non-invasive methods to study the effects of fungicides on plant 
physiology. 
The overall objective of the present study was to determine the effect of different 
fungicidal groups (carboxamides, spiroketalamins, strobilurins and triazoles) on 
physiological parameters such as photosynthesis, transpiration and senescence status of 
wheat by the employment of non-invasive sensors and imaging techniques.  
 
The specific objectives were to:  
I. Compare the effects produced by different fungicidal active ingredients on 
senescence and yield formation of wheat under field conditions 
II. Determine the reliability of field trials to study the potential beneficial effects of 
fungicides on crop plants  
III. Investigate the effects of the pyrazole carboxamide bixafen on the senescence, 
morphology, photosynthetic rate and yield formation of wheat in comparison to 
those caused by azoles, strobilurins and spiroketalamins under disease-free 
conditions 
IV. Determine the suitability of different optical sensors to assess direct effects of the 
fungicides on crop plants 
V. Compare different non-invasive and destructive methods and their ability to 
measure the effect of fungicides on plant senescence 
VI. Determine the effects of fungicides on the tolerance of wheat to water deficit by the 
use of non-invasive techniques  
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VII. Establish the sensitivity of new non-invasive techniques such as hyperspectral 
imaging to detect the effects produced by fungicide application on the senescence 
status of plants. 
 
6. OUTLINE OF THE THESIS 
 
In order to study the effects produced by fungicides on plant physiology, the research 
design of this study is summarized in figure 1.5: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5: Structure of the present study. 
 
In chapter 2, the reliability of field trials to study the effects of fungicides on wheat was 
assessed. During the field trials, it was possible to observe and register the effect of 
fungicide application on the senescence and yield formation of wheat. However, the 
presence of foliar pathogens typically found in wheat influenced the green leaf area 
duration as well as the yield, generating a disadvantage for fungicide treatments with low 
efficacy in disease control. Based on the results of chapter 2, the remaining experiments 
were performed under disease-free conditions in order to separate the fungicidal activity 
from potential effects that fungicides may cause on crop physiology. 
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In chapter 3, the effects of the pyrazole carboxamide bixafen on plant physiology are 
presented. It was observed that the carboxamide group can induce physiological changes 
in wheat plants such as synchronized ear emergence, increased green leaf area duration, 
and higher physiological activity of ears during grain filling due to delay of plant 
senescence. Additionally, tests evaluating the reliability of digital thermography to 
establish and quantify side effects of fungicides on senescence of leaves and ears are 
also presented. 
 
Chapter 4 presents the assessment of different types of optical sensors used to record the 
direct effects of fungicides on crop plants. Different non-invasive and destructive methods 
were compared to establish their ability to measure the effect of fungicides on plant 
senescence. The results demonstrate that the use of sensors can reveal changes in the 
senescence status of wheat plants due to fungicide application. Additionally, these 
techniques were found to be more sensitive than conventional methods such as 
destructive and visual assessment. 
 
Studies investigating the influence of fungicide application on the tolerance of wheat to 
drought stress are presented and discussed in chapter 5. The analysis performed was 
able to corroborate previous reports that claimed the application of some fungicidal groups 
had a positive effect on the wheat tolerance to water deficit stress. Specifically, plants 
treated with the pyrazole carboxamide bixafen were more tolerant to water shortage 
compared to the untreated control. Moreover, spectral reflectance and thermography 
revealed significant differences in terms of plant vitality, and both proved to be accurate 
methods to establish and quantify effects of fungicides on the tolerance of wheat to water 
deficit. Likewise, these two methods provided sensitive detections of differences between 
water stress conditions and treatments. 
 
In chapter 6, tests involving two imaging techniques, hyperspectral reflectance and 
analysis of RGB images are presented. Both methods were evaluated to determine 
whether they could provide early detection of the effects of fungicide application on wheat 
senescence. The results of the investigation indicated that the implementation of these 
techniques can provide early detection of the effects of fungicide application on wheat 
senescence. Moreover, the results suggest that a combination of non-invasive sensors 
should be used, which can lead to even earlier detection of changes in the senescence 
status of plants induced by fungicides. Finally, non-destructive hyperspectral sensing may 
be implemented in time series experiments to study the effect of new compounds on plant 
senescence. 
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CHAPTER 2: EFFECT OF FUNGICIDES ON SENESCENCE AND 
YIELD FORMATION OF WHEAT UNDER FIELD CONDITIONS 
 
ABSTRACT 
 
The effect of different fungicides on diseases, senescence and yield formation of wheat 
was assessed in a set of field experiments. Compounds belonging to different fungicidal 
groups were applied at flag leaf emergence (GS 39) and at ear emergence (GS 59). 
Application of the azole, carboxamide and strobilurin compounds resulted in lower disease 
incidence compared to the remaining treatments. However, lower disease incidence was 
assessed when the pyrazole carboxamide bixafen was applied. The fungicidal efficacy 
was enhanced by mixing the carboxamide and the azole compounds resulting in lower 
disease incidence at F, F-1 and F-2.  
All fungicide treatments delayed the senescence of the uppermost leaf layers. This effect 
was also reflected in the leaf chlorophyll content; treatments with lower disease incidence 
and longer leaf area duration resulted in higher chlorophyll content. All fungicide 
treatments produced a higher grain yield compared to the untreated control. The extra 
yield produced by fungicide application varied between 5 and 19%. The effect of 
fungicides on wheat senescence was positively correlated to grain yield and thousand 
kernel weight. However, a better correlation was calculated between the extension of the 
flag leaf life and the grain yield compared to the other leaf layers. It was demonstrated that 
the carboxamide fungicide bixafen produced similar effects on the green leaf area 
extension as reported for strobilurins and azoles under field conditions, and in some cases 
was found to have a higher effect than the other two treatments.  
Keywords: Azole, carboxamide, strobilurins, disease incidence, leaf senescence, 
chlorophyll content. 
 
1. INTRODUCTION 
 
Cultivation and production of wheat (Triticum aestivum L.) is one of the most important 
components of the agricultural economy in many countries (FAOSTAT, 2013). Biotic and 
abiotic stresses are the primary constraints in wheat production worldwide. Within the 
biotic stresses, foliar diseases are the main restrictive factors affecting grain yields 
especially in intensive crops. Septoria leaf blotch (Septoria tritici), leaf rust (Puccinia 
triticina) and powdery mildew (Blumeria graminis) are the most common limiting diseases 
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affecting wheat production (Shipton et al., 1971; Kolmer, 2005; Bennett, 1984). These 
diseases on the uppermost three leaf layers reduce the photosynthetic leaf area resulted 
in lower grain yields (Shaw and Royle, 1989; Wiik, 2009). Oerke and Dehne (1997) 
reported that yield losses produced by pathogens in susceptible wheat cultivars may be 
up to 20%. Therefore, different strategies and methods have been implemented to control 
foliar pathogens of wheat. Application of fungicides and use of resistant and/or tolerant 
cultivars are necessary to reduce the yield losses caused by foliar pathogens (Bancal et 
al., 2007). However, chemical strategies are the methods most used to control foliar 
pathogens in intensive wheat production around the world. Since the introduction of the 
fungicides in the late 1960s, they have been used broadly in crop production resulting in 
yield benefits (Hewitt, 1998; Wegulo, 2011).    
Grain weight is defined during the period between anthesis and physiological maturity 
(Calderini et al., 1999). There are reports regarding negative effects of foliar disease on 
grain weight as a consequence of the shortened leaf life (Gooding et al., 2000; Dimmock 
and Gooding, 2002). Therefore, a correct and precise disease control after anthesis will 
result in lower yield losses. Significant positive yield responses due to an effective control 
of foliar pathogens by fungicide application have been reported for wheat (Caldwell and 
Starratt, 1987; Loughman and Thomas, 1992). 
In the past, most studies were focused on the investigation of the efficacy of fungicidal 
compounds to control the main foliar diseases (Bateman and Fitt, 1991; Milus, 1994). It 
was possible to demonstrate the high efficacy of azoles and strobilurins controlling the 
major foliar pathogens of wheat (Ruske et al., 2003). Nevertheless, during the last 
decades the study of possible beneficial effects of fungicides on wheat physiology has 
been of great interest. The most reported effect is the extension of the leaf life as a 
consequence of a delay of the senescence produced by azoles and strobilurins (Cromey 
et al., 2004; Pepler et al., 2005).  
Additional positive changes reported for strobilurin application have been the greener 
appearance of leaves with longer green leaf duration compared to leaves treated with 
other fungicidal compounds (Dimmock and Gooding, 2002). The senescence delay 
produced by strobilurins application also resulted in higher grain yields. It is cited as being 
a consequence of the prolongation of the photosynthetic period, which leads to a higher 
transport of photoassimilates required for grain filling (Bertelsen et al., 2001).     
Under field conditions, applications of either strobilurins such as kresosim-methyl, 
azoxystrobin or different azole compounds resulted in longer green leaf area duration 
compared to the untreated control. However, this extension has been linked in most of the 
cases to the effective and accurate control of foliar pathogens produced by these two 
fungicidal groups.  
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During the last years, the main fungicide producing companies has developed new active 
ingredients, e.g. the succinate dehydrogenase inhibitors (SDHIs). The fungicidal 
compound bixafen a pyrazole carboxamide belongs to this group. Bixafen controls fungal 
pathogens by inhibiting the enzyme succinate dehydrogenase in the respiration chain of 
fungi (Hoersefield et al., 2006). This active ingredient was discovered by Bayer 
CropScience in 2001 (Suty-Heinze et al., 2011), and since then the application of this 
compound resulted in high control of the major foliar diseases of cereal crops in numerous 
field trials. Suty-Heinze et al. (2011) reported that bixafen has a beneficial effect on the 
green leaf duration, resulting in a significant yield increase in barley and wheat. Therefore, 
the goal of this study was to measure and compare the effects of different fungicidal 
groups including the pyrazole carboxamide bixafen on the leaf area duration and the yield 
formation of wheat under field conditions.     
 
The overall objectives of this chapter were to: 
i. Compare the effects of different fungicidal compounds on senescence and yield 
formation of wheat under field conditions 
ii. Determine the reliability of field trials to study the potential beneficial effects of 
fungicides on crop plants. 
 
2. MATERIALS AND METHODS 
 
2.1. Experimental design 
In order to determine the possible side effects produced by fungicides on the senescence 
of wheat plants, field trials were conducted during the growing seasons of 2008 and 2009 
at the Poppelsdorf research station of the University of Bonn (N50° 43`37 E7° 05`05 - 
altitude of 59 m above sea level). The annual mean temperature is 10.9 °C, the average 
precipitation is 634 mm per year (Görtz, 2009). A completely randomized block design 
was used (Fig. 2.1). 
The winter wheat (Triticum aestivum L.) cultivar Ritmo was grown. The sowing was 
performed on November 4th of 2008. In the last week of January wheat plants were 
fertilized with 60 kg/ha NPK (12:12:17).  
For the control of grass weeds, cleavers and other broad-leaved weeds, herbicide 
application was done (Axial®, active ingredient [a.i.] pinoxaden 45 g a.i. L-1, application 
rate 1l/ha, Syngenta Agro GmbH, Maintal, Germany; Hoestar® Super, a.i. amidosulfuron 
125 g a.i. Kg-1, iodosulfuron-methyl-natrium 12.5 g a.i. Kg-1, mefenpyr-diethyl 125 g a.i.   
Kg-1, application rate 200 g/ha, Bayer CropScience, Monheim, Germany).  
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Figure 2.1: Experimental design of field trails at the Poppelsdorf research station, University of 
Bonn 2008/09; five blocks (B), 8 treatments (1-untreated, 2-bixafen, 3-fluoxastrobin,                            
4-prothioconazole, 5-spiroxamine, 6-boscalid, 7-bixafen+prothioconazole and                                
8-spiroxamine+prothioconazole). 
 
 
Insecticides were applied to control pests (Sumicidin®, a.i. fenvalerate 25 g a.i. L-1, 
application rate 0.2 l/ha, BASF, Limburgerhof, Germany; Bulldock®, a.i. beta-cyfluthrin 125 
g a.i. L-1, application rate 0.1 l/ha, Bayer CropScience, Monheim, Germany). 
To avoid fungal inoculum pressure from the plants located in the border area, the 
fungicide Stratego® was applied (a.i. propiconazole 125 g a.i. L-1 and trifloxystrobin g a.i.  
L-1, application rate 0.5 l/ha, Bayer CropScience, Monheim, Germany). 
Each treatment consisted of five plots with a dimension of 7 m x 1.5 m. All plots were 
harvested individually on the 5th of August 2009 with a cereal plot combine-harvester 
(Haldrup, Ilshofen, Germany). The activities related to the field experiment are 
summarized in table 2.1. 
 
 
 
 
8 4 7 2 1 
7 1 3 8 2 
6 7 8 4 3 
5 8 6 1 4 
4 6 2 3 5 
3 2 4 5 6 
2 5 1 6 7 
1 3 5 7 8 1.5 m 
10.5 m 7 m 
B1 B2 B3 B4 B5 
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Table 2.1: Workflow of the field experiment conducted at the Poppelsdorf research station of the 
University of Bonn. 
 
Activity Product Dose Date 
Sowing of wheat cultivar Ritmo N/A1 N/A November 4th 2008 
Application of granular fertilizer NPK 12:12:17 60 kg/ha January 29th 2009 
Herbicide application Axial+Hoestar 1l/ha April 01st 2009 
Plot design N/A N/A May 07th 2009 
First fungicide application Treatments (Tab. 2.2) May 11th 2009 
Borders fungicide application Stratego® 0.5 l/ha May 20th 2009 
Second fungicide application Treatments (Tab. 2.2) May 28th 2009 
Insecticide application Sumicidin® 0.2 l/ha May 29th 2009 
1st disease and GLAD rating N/A N/A June 4th 2009 
2nd disease and GLAD rating N/A N/A June 11th 2009 
Borders application Stratego® 0.5 l/ha June 17th 2009 
3rd disease and GLAD rating N/A N/A June 18th 2009 
1st leaf sampling (chlorophyll content) N/A N/A June 18th 2009 
Insecticide application Bulldock® 0.1 l/ha June 19th 2009 
4th disease and GLAD rating N/A N/A June 25th 2009 
5th disease and GLAD rating N/A N/A July 02nd 2009 
6th disease and GLAD rating N/A N/A July 09th 2009 
2nd leaf sampling (chlorophyll content) N/A N/A July 11th 2009 
7th disease and GLAD rating N/A N/A July 16th 2009 
Harvest of wheat plots N/A N/A August 05th 2009 
    1
N/A: not applicable.  
 
2.2. Fungicide treatments 
Seven fungicide spray treatments and a non-treated control were evaluated (Tab. 2.2). 
Active ingredients belonging to the following fungicidal groups were applied: 
carboxamides (bixafen, Bayer CropScience, Monheim, Germany and boscalid, BASF, 
Limburgerhof, Germany), strobilurins (fluoxastrobin, Bayer CropScience, Monheim, 
Germany), azoles (prothioconazole, Bayer CropScience, Monheim, Germany), and 
spiroketalamines (spiroxamine, Bayer CropScience, Monheim, Germany). 
Fungicidal products were applied at recommended field rates (water 400 L ha-1) at two 
growth stages (GS) according to the BBCH scale (Hack et al., 1992). The first application 
was performed on the 11th of May when the flag leaf ligule was visible (GS 39), and the 
second application was carried out on the 28th of May when the emergence of the 
inflorescences was completed (GS 59). The fungicides were applied with a CO2 
pressurized backpack sprayer (Solo, Hampton, USA) with an adjustable spray. 
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Table 2.2: Fungicide treatments evaluated in the field experiment conducted at the Poppelsdorf 
research station of the University of Bonn, 2008/09.  
 
Active ingredient (s) 
Formu- 
lation 
Active 
ingredient 
content         
[g a.i./l] 
Application 
rate [l/ha] 
Amount 
applied 
[g/ha] 
Bixafen (Bix.) EC1 125 1 125 
Fluoxastrobin EC 100 2 200 
Prothioconazole (Prot.) EC 250 0.8 200 
Spiroxamine (Spir.) EC 500 0.75 375 
Boscalid WG2 500 g/kg 1 kg/ha 500 g/ha 
Bixafen+Prothioconazole 
(Bix.+Prot.) 
EC 75 + 150 1.25 94 + 188 
Spiroxamine+Prothioconazole 
(Spir.+Prot.) 
EC 300 + 160 1.25 375 + 200 
   1 EC: Emulsifiable concentrate 
     2 
WG: Water dispersible granules 
 
2.3. Disease incidence 
After the second fungicide application (GS 59), plots were inspected periodically until 
harvest to determine the presence of foliar pathogens. Eight random plants per plot were 
selected to inspect the presence of fungal pathogens on the top three leaves (F, F-1 and 
F-2). Symptoms causes by the main fungal pathogens of wheat (Septoria tritici, Puccinia 
triticina and Blumeria graminis f. sp. Tritici) were recorded. 
The disease incidence was determined in percentage by the relation between the affected 
plants and the total number of inspected plants: 
 
Disease incidence [%]: number of infected plants x 100 
                                     number of inspected plants 
 
 
2.4. Green leaf area duration 
Visual assessment of the green leaf area was performed weekly until harvest after the 
second fungicide application (GS 59). It was measured as percentage of the green area of 
the top three leaves (F, F-1 and F-2). Every week eight randomly selected plants per 
replicate per treatment were selected to assess the green leaf area. 
The area under the green leaf area curve (AUGLAC) was calculated using the equation 
given by Cromey et al. (2004),  
 
Chapter 2 
31 
 
                  n 
AUGLAC= ∑ 1/2(Yi + Yi-1)(Xi – Xi-1)  
                  i=1 
 
Where Yi= percent green leaf area at the ith observation, Xi = time (days after the second 
fungicide application) at the ith observation, n = total number of observations. 
 
The AUGLAC difference was calculated by subtracting the mean of the AUGLAC of 
fungicide treatments from the mean AUGLAC of the untreated control. 
 
2.5. Chlorophyll extraction 
Eight random tillers were collected from every trial plot for chlorophyll extraction. At two 
growth stages (GS 75 and GS 85) the chlorophyll content of F, F-1 and F-2 from all 
treatments was measured. The chlorophyll content was extracted following the protocol of 
Hiscox and Israelstam (1979).  
The total chlorophyll content of F, F-1 and F-2 from all treatments was measured 
according to Blanke (1990). Dimethyl sulfoxide 99% (DMSO) was used as the extraction 
solvent for the chlorophyll content measurements. Eight leaf discs with a diameter of 1 cm 
from the center of the leaves were weighted and placed in glass tubes containing DMSO. 
The tubes were kept under dark conditions for 24 hours. A double beam UV/VIS 
spectrophotometer Uvikon 933A (BioTek Instruments, USA) was used to measure the 
absorbance at specific wavelengths (470, 645 and 663 nm). 
 
2.6. Yield parameters 
At GS 71, the number of ears per plot was determined. In each trial plot a square with an 
area of 1 m2 was randomly released twice, the ears inside the square were counted and 
the number of ears was extrapolated to the total area of the plot.  
At harvest the straw from every plot was weighted using an electronic balance (Bizerba 
GmbH & Co. KG, Balingen, Germany). Plots were harvested individually and the grain 
yields were determined. Subsamples of 2 kg were taken from every plot to determine the 
thousand kernels weight. Yield parameters such as grain yield, number of ears and 
thousand kernel weights were calculated. 
 
2.7. Statistical analysis 
Data were analyzed using the statistical program SPSS for Windows (IBM Deutschland 
GmbH, Ehningen, Germany), version 17.0. Data were tested for normal distribution and 
equality of variances. The data were examined using analysis of variance (ANOVA) with 
the standard errors (SE) of the means being calculated. The means were compared using 
Tukey test at 95% confidence in order to separate subgroups. The correlations were 
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tested at a probability level of 0.05 using the    rson‟s  orr l t on  o       nt. 
 
3. RESULTS 
 
3.1. Effect of fungicide application on disease incidence 
3.1.1. Septoria leaf blotch (Septoria tritici) 
For flag leaf (F) the first Septoria symptoms were rated in the untreated plots twenty-one 
days after the second fungicide application (dasfa; Fig. 2.2). 
Fungicide applications significantly reduced the incidence of Septoria leaf blotch. On the 
last measurement date (49 dasfa), the disease incidence on F was 100% for untreated 
plants, while in fungicide treated plots it was lower than 20% (Fig. 2.2). 
For F-1 the first significant differences between treatments were registered fourteen dasfa; 
the incidence of Septoria leaf blotch on untreated plots was significantly higher compared 
to fungicide treated plots. Twenty-one dasfa the disease incidence in spiroxamine and 
boscalid treated plots started to increase with respect to the remaining fungicide 
treatments. 
From the fourth (28 dasfa) until the last measuring date (49 dasfa) spiroxamine and 
boscalid treatments had significantly higher disease incidence compared to the other 
fungicide treatments. Plots treated with bixafen and Bix.+Prot. had significantly lower 
disease incidence compared to all other treatments from the fifth until the last measuring 
date (Fig. 2.2). 
The disease incidence levels were higher for F-2 compared to the two uppermost leaf 
layers. At this leaf level the first disease symptoms were rated seven dasfa in untreated 
plots.  
From the first (7 dasfa) to the fourth (28 dasfa) measuring date untreated plots had 
significantly higher disease incidence than fungicide treatments. The disease incidence 
was significantly lower for bixafen and Bix.+Prot. treated plots from the fourth 
measurement onwards. 
 
3.1.2. Leaf rust (Puccinia triticina) 
Analysis of rust incidence for the flag leaf showed a general increase for all treatments 
compared to the Septoria leaf blotch incidence. Furthermore, at the flag leaf level rust 
symptoms were registered two weeks earlier than Septoria symptoms (Fig. 2.2). From the 
first until the last measuring date, untreated, spiroxamine and boscalid treated plots were 
found to have significantly higher rust incidence compared to the other treatments. No 
significant differences were calculated between the remaining treatments. 
For F-1 and F-2, the rust incidence trend was similar than for F. Untreated, spiroxamine 
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and boscalid treatments had higher rust incidence compared to the other treatments from 
the first to the last measuring date. However, the disease incidence calculated for all 
treatments was higher for F-2 compared to the two upper leaf layers (Fig. 2.2). 
For all leaf layers, from the third to the last measuring date spiroxamine and boscalid 
treatments did not differ significantly from the untreated control. On the last assessment 
date, no significant differences were observed between the remaining treatments for all 
leaf layers (Fig. 2.2). 
 
 
 
Figure 2.2: Effect of fungicide applications at GS 39 and GS 59 on Septoria leaf blotch and leaf 
rust incidence on F, F-1 and F-2 of wheat (cv. Ritmo). Field experiment conducted at the 
Poppelsdorf research station of the University of Bonn, 2008/09. Vertical bars indicate SE (p ≤ 
0.05; n = 5). 
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3.2. Effect of fungicide application on green leaf area duration 
The results of the weekly evaluation of GLAD showed that all fungicide treatments 
significantly extended the GLAD of F compared to the untreated control (Fig. 2.3). 
However, the delay of senescence produced by spiroxamine and boscalid treatments was 
lower compared to the one produced by the other fungicides.  
 
 
Figure 2.3: Effect of fungicide applications at GS 39 and GS 59 on the green leaf area duration of 
F, F-1 and F-2 of wheat (cv. Ritmo). Field experiment conducted at the Poppelsdorf research 
station of the University of Bonn, 2008/09. Vertical bars indicate SE (p ≤ 0.05; n = 5). 
 
G
re
e
n
 l
e
a
f 
a
re
a
 [
%
]
0
20
40
60
80
100
Untreated 
Bixafen 
Fluoxastrobin 
Prothioconazole 
Spiroxamine 
Boscalid 
Bix.+Prot. 
Spir.+Prot. 
G
re
e
n
 l
e
a
f 
a
re
a
 [
%
]
0
20
40
60
80
100
Days after the second fungicide application
7 14 21 28 35 42 49
G
re
e
n
 l
e
a
f 
a
re
a
 [
%
]
0
20
40
60
80
100
F
F-1
F-2
Chapter 2 
35 
 
The GLAD was extended by fungicide treatments on average by one week. However, 
bixafen and Bix.+Prot. treated plots had longer GLAD than the other fungicide treatments. 
Thirty-five dasfa, no green leaf area was rated for the untreated flag leaves. 
At the sixth (42 dasfa) evaluating date, Bix.+Prot. treated plots had a higher green leaf 
area than the other fungicidal treatments (Fig. 2.3). 
In the case of F-1, the GLAD started to decay earlier compared to F. Lower green leaf 
area was rated in untreated plots followed by spiroxamine and boscalid treatments. 
Significant differences were calculated between treatments from the first to the fifth 
measurement. As for F, Bix.+Prot. treated plots has longer GLAD than the other 
treatments. 
All fungicide treatments delayed F-2 senescence with respect to the untreated control. 
Twenty-eight dasfa it was possible to distinguish three different groups of treatments: 
untreated plots were showing the lowest GLAD, spiroxamine and boscalid treatments both 
showed an average of 50% of GLA, and the remaining treatments with the highest GLA. 
On the next measuring date, it was possible to differentiate bixafen treated plots from the 
rest of the treatments. Forty-two dasfa, Bix.+Prot. treatment had higher GLAD compared 
to the other treatments. 
The area under the green leaf area curve (AUGLAC) difference to untreated was 
calculated for all leaf layers (Fig. 2.4).  
 
Figure 2.4: Effect of fungicide applications at GS 39 and GS 59 on the area under the green leaf 
area curve (AUGLAC) differences for F, F-1 and F-2 as compared to untreated control. Field 
experiment conducted at the Poppelsdorf research station of the University of Bonn, 2008/09. 
Vertical bars indic t  SE. D    r nt l tt rs  n    t  s  n     nt      r n  s    or  n  to Tuk y‟s t st              
(p ≤ 0.05; n = 5).  
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All fungicide treatments resulted in higher AUGLAC than the untreated control at all leaf 
levels. However, this difference was higher for F-2 and in most cases it was more than 
60% compared to the untreated control (Fig. 2.4). For all leaf layers the highest AUGLAC 
difference to the untreated control was calculated when bixafen, fluoxastrobin, 
prothioconazole and the two fungicide mixtures were applied. In contrast, the lowest 
AUGLAC differences to untreated were calculated when spiroxamine and boscalid were 
applied (Fig. 2.4). 
 
3.3. Effect of fungicide application on chlorophyll content 
Samples of F, F-1 and F-2 leaves were collected at GS 75 and GS 85 and the chlorophyll 
content was calculated. At GS 75, fungicide treated plots had higher chlorophyll content 
for all leaf layers compared to the untreated control (Fig. 2.5). However, for F, 
fluoxastrobin treatment was the only one that was significantly different to the untreated 
control. 
 
Figure 2.5: Effect of fungicide application at GS 39 and GS 59 on the chlorophyll content of F, F-1 
and F-2 leaves of wheat at GS 75 and GS 85. Field experiment conducted at the Poppelsdorf 
research station of the University of Bonn, 2008/09. Vertical bars indicate SE. Different letters 
 n    t  s  n     nt      r n  s    or  n  to Tuk y‟s t st (p ≤ 0.05; n = 8). 
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In the case of F-1, application of bixafen, fluoxastrobin, prothioconazole and Bix.+Prot. 
resulted in significant higher chlorophyll content that the untreated control. For F-2, the 
spiroxamine treatment was the only one that did not result in significant differences to 
untreated (Fig. 2.5). 
Likewise, at GS 85, bixafen, fluoxastrobin and Bix.+Prot. treatments had significantly 
higher chlorophyll content for all leaf layers compared to the untreated control and the 
remaining fungicide treatments (Fig. 2.5). Bix.+Prot. application resulted in higher 
chlorophyll content for F with respect to all other treatments. 
 
3.4. Effect of green leaf area duration on grain yield and thousand kernel weight 
The area under the green leaf area curve (AUGLAC) summarized for three uppermost 
leaves was positively correlated to grain yield and TKW (Fig. 2.6). However, the 
correlations between these two yield parameters and the AUGLAC tended to vary 
between treatments. 
 
Figure 2.6: Relationship between yield and TKW and the area under the green leaf area duration 
summarized for the three uppermost leaves (F, F-1 and F-2) of wheat. Field experiment conducted 
at the Poppelsdorf research station of the University of Bonn, 2008/09. 
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For all treatments, there was a strong relationship between the yield parameters and 
AUGLAC. A strong correlation (> 0.6) was calculated on average for all treatments. 
Treatments with a high AUGLAC resulted in both a high grain yield and TKW, which were 
observed for bixafen, prothioconazole, fluoxastrobin and the two fungicide combinations. 
All fungicide treatments produced a higher AUGLAC of the uppermost three leaves 
compared to the untreated control, which was clearly reflected in the yield for all 
treatments excluding spiroxamine and boscalid treatments, where grain yield and TKW 
increment for these two treatments was minute.  
It was possible to observe a relationship between the extension of the green leaf area 
duration of every leaf layer produced by fungicide application and grain yield and TKW 
(Fig. 2.7).  
 
Figure 2.7: Relationship between the increase of yield and TKW compared to the untreated control 
and the difference to the untreated control of the area under the green leaf area curve. Field 
experiment conducted at the Poppelsdorf research station of the University of Bonn, 2008/09. 
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The strongest correlation was calculated between the green leaf area of the flag leaf and 
the yield parameters. The correlation coefficient was >0.6 when AUGLAC of the flag leaf 
was correlated to both the grain yield and TKW (Fig. 2.7). The correlation of the AUGLAC 
of F-1 and F-2 to the yield parameters had R2 v lu s ˂ 0.5. Furt  rmor , t   slop  (m) o  
the linear regression for the AUGLAC of the flag leaf and grain yield parameters was 
steeper than the slope for the other two leaf layers. 
The AUGLAC difference between fungicide treatments and untreated control for all leaf 
layers resulted in higher grain yield and TKW. The higher the difference in AUGLAC, the 
larger the yield increment compared to the untreated control. The same trend was 
observed for all leaf layers. 
 
3.5. Effect of fungicide application on yield parameters 
No significant differences were calculated for the number of ears per plot between 
treatments (Tab. 2.3). Foliar fungicide application had an effect on straw weight, TKW and 
grain yield, all fungicide treatments resulted in a higher straw weight, TKW and grain yield 
compared to the untreated control. Nevertheless, not all fungicide treatments produced 
significant changes compared to the untreated control. It was only the case for TKW, 
where all fungicide treatments resulted in a significantly higher values compared to the 
untreated control. 
 
Table 2.3: Effects of fungicide application at GS 39 and GS 59 on yield components of wheat     
(cv. Ritmo). Field experiment conducted at the Poppelsdorf research station of the University of 
Bonn, 2008/09. 
 
Treatment Number of Straw weight  TKW  Yield  
   ears per plot [kg/plot] [g] [Ton.ha-1] 
Control 4118 a 4.9 a 40.3 a 7.3 a 
Bixafen  4384 a 6.2 b      47.7 de       8.5 cd 
Fluoxastrobin 4296 a 6.1 b      45.8 bc       8.2 bcd 
Prothioconazole  4168 a 5.6 ab      46.3 cd       8.1 bc 
Spiroxamine  4296 a 5.4 ab 44.2 b       7.7 ab 
Boscalid 4658 a 5.4 ab      44.6 bc       7.8 ab 
Bix.+Prot. 4104 a 6.3 b 49.2 c       8.7 d 
Spir.+Prot. 4150 a 5.9 b      45.9 bc       8.3 bcd 
Values with the same letter in the same column do not differ significantly according to 
Tukey´s test (p ≤ 0.05; n = 5). 
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4. DISCUSSION 
 
The main objective of this study was to investigate whether different fungicides influence 
the grain yield, specifically by prolonging the green leaf area duration. There was a yield 
benefit linked to the life extension of the uppermost leaves caused by the application of 
fungicides. All fungicide treatments resulted in a higher grain yield compared to the 
untreated control. The extra yield induced by fungicide application varied between 5 and 
19%.  
Experiments under field conditions confirmed that the effect of strobilurins and azoles on 
the leaf life extension resulted in higher grain yields compared to the untreated control 
(Bayles, 1999; Gooding et al., 2000; Blandino et al., 2009). Furthermore, in this study it 
was possible to observe the same effect generated by the pyrazole carboxamide bixafen 
on the leaf life extension of wheat leaves. Additionally, bixafen application also resulted in 
a longer green leaf area duration compared to the strobilurin and the azole compounds for 
all leaf layers.   
Several studies have demonstrated the benefit produced by strobilurins and azoles on 
grain yield due to longer green leaf area duration (Dimmock and Gooding, 2002; Bryson et 
al., 2000). In this particular study the existence of a correlation of the extension of the 
green leaf area duration with the yield increment produced by fungicide application was 
shown. This is in accordance to Pepler et al. (2005) who reported an increment of grain 
yield associated to the extension of the green leaf area duration due to fungicide 
application. 
Previous studies demonstrated a strong association between a longer grain-filling period 
and a higher grain yield, which is consistent with our results (Evans, 1993; Ojanperä et al., 
1998). In particular, Gelang et al. (2000) reported a positive correlation between the 
thousand kernel weight and the grain yield with the grain filling period.  
Grain yield and TKW were positively correlated to the area under the green leaf area 
curve of the three uppermost leaves of wheat. A higher correlation was calculated 
between the extension of flag leaf life and grain yield compared to the other two leaf 
layers. This is due to the fact that the photosynthetic activity of the flag leaf is the most 
important source for the grain filling in wheat (Thorne, 1965; Evans et al., 1975). 
Furthermore, the flag leaf life has a strong influence on the grain yield because this leaf 
layer intercepts more light than F-1 and F-2 and is the closest leaf to the ears. It results in 
a higher transport of assimilates required for grain filling (Gooding et al., 2000; Cromey et 
al., 2004). 
The results confirmed that the longer period of photosynthetic activity of the flag leaf 
positively influences the grain filling resulting in a higher TKW. The AUGLC was a suitable 
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parameter to compare the effect of different fungicidal compounds on grain yield and 
could also be used to determine the contribution of every leaf layer for the grain filling.  
The positive effect of the fungicides on the leaf life extension is mainly attributed to a 
delay of senescence. In higher plants, one of the first steps of the senescence process is 
the degradation of photosynthetic pigments such as chlorophyll (Matile et al., 1999; 
Hörtensteiner, 2006). Therefore, measurement of the chlorophyll content can be an 
adequate tool to evaluate the senescent status of plants (Lim et al., 2007). In our study, it 
was not just possible to observe extended leaf area duration following fungicide 
application as reported by Pepler et al. (2005), rather an additional effect on chlorophyll 
concentration was also detected. However, the chlorophyll content was mainly related to 
the maintenance of the green leaf area and the reduction of the disease incidence caused 
by fungicides. Treatments with low disease incidence and long leaf life period resulted in 
high chlorophyll content. Previous studies revealed a reduction of the chlorophyll loss 
produced by strobilurin and azole application (Grossmann and Retzlaff, 1997; Jaleel et al., 
2007). Here, we report an effect of the carboxamide fungicide bixafen on the reduction of 
the chlorophyll loss due to delayed plant senescence.   
The fungicidal efficacy controlling the main foliar pathogens of wheat differed between 
treatments. The present study confirms that leaf rust and Septoria leaf blotch are 
effectively controlled by azoles and strobilurins (Ruske et al., 2003). However, even lower 
disease incidence was rated when the carboxamide fungicide bixafen was applied. The 
fungicidal efficacy was enhanced by mixing the carboxamide and the azole compounds, 
this combination resulted in lower disease incidence at all leaf layers. Furthermore, the 
broad spectrum activity of bixafen against the most important foliar diseases of cereal 
crops has been described in previous reports (Suty-Heinze et al., 2011).  
Grain yield parameters were also strongly influenced by the incidence of Septoria leaf 
blotch and leaf rust. Fungicide treatments with higher effectiveness against these 
diseases resulted in higher yield compared to the untreated control. Various studies have 
shown the relevance of the application of fungicides in diminishing the negative effects of 
foliar pathogens on wheat (Vamshidhar et al., 1998; Kelley, 2001; Wegulo et al., 2009). 
Wegulo et al., (2011) showed especially the benefits of fungicide application due to 
disease control which depends on various factors such as favorable conditions for disease 
development, disease intensity and fungicidal efficacy among others.   
Studies to determine the fungicidal effects on plant physiology have been conducted 
under field, greenhouse and lab conditions (McCartney et al., 2007; Berdugo et al., 2012; 
Grossmann et al., 1999). Under field conditions, wheat plants tend to express their higher 
yield potentials better than under greenhouse conditions (Quinlan and Sagar, 1965). 
However, under field conditions it is complicated and almost impossible to avoid pathogen 
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infections even in years with low disease pressure. This creates a disadvantage for the 
untreated control since untreated plots would be most affected by foliar pathogens. 
Furthermore, there would be a clear reflection of this on the green leaf area duration and 
consequently on grain yield.  
One of the objectives of this study was to evaluate and determine whether fungicides can 
induce beneficial effects on wheat physiology. However, from the field trials it was difficult 
to separate the fungicidal effect of these active ingredients from the effect that they might 
produce on the physiology and yield formation of wheat. In this study, there was a direct 
relation between disease incidence and green leaf area duration as well as grain yield. It 
provides the main reason why it is important to set up experiments in the greenhouse 
under disease-free conditions where it might be possible to assess the beneficial effects 
of fungicides on wheat physiology apart from the fungicidal activity of these compounds. 
 
5. CONCLUSION 
 
Use of fungicides in intensive wheat production provides benefits for growers such as 
control of the main foliar pathogens, which will result in accurate yields, and thus, provide 
a higher profit for growers. In addition to the fungicidal effect, some active ingredients 
generate an extension of the life of the most important leaf layers for grain filling. This 
effect provides an extra advantage to the disease control produced by these active 
ingredients. 
The foliar application of the azole, carboxamide and the strobilurin compounds resulted in 
higher grain yield compared to the other fungicide treatments as a result of an accurate 
disease control. Furthermore, it was possible to observe and register the effect of the 
carboxamide fungicide bixafen on the senescence and yield formation of wheat. The 
effect on the senescence of wheat produced by bixafen was similar and in some cases, 
better than those caused by azoles and strobilurins.  
Under field conditions, the presence of the main foliar pathogens of wheat influenced the 
green leaf area duration as well as the yield generating a disadvantage for the fungicide 
treatments with low disease control efficacy. Thus, in order to study the potential 
beneficial effects of fungicides on plant physiology it is advised to perform the studies 
under disease-free conditions. In the greenhouse, it is possible to control the temperature 
and the relative humidity in order to prevent the development of the major foliar pathogens 
of wheat. Hence, under greenhouse conditions it would be possible to separate the 
fungicidal activity from the potential effects that those active ingredients may cause on 
crop physiology. 
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CHAPTER 3: EFFECT OF BIXAFEN ON SENESCENCE AND YIELD 
FORMATION OF WHEAT  
(Published in: Pesticide Biochemistry and Physiology, 2012, 104, 171-177) 
 
ABSTRACT 
 
Bixafen, a pyrazole carboxamide inhibiting succinate dehydrogenase of the fungal 
respiratory chain, is a new broad-spectrum fungicide developed for the control of 
pathogens in cereals. The effects of bixafen on senescence and yield formation of wheat 
plants were studied and compared to those caused by azoles, strobilurins and 
spiroketalamins under disease-free conditions in the greenhouse. Fungicide applications 
delayed the appearance and senescence of wheat ears. Application of bixafen, 
fluoxastrobin and prothioconazole delayed also the senescence of leaves and significantly 
extended the green leaf area duration compared to untreated and spiroxamine treated 
plants. Differences in the senescence of leaves and ears between treatments were 
confirmed by measurements of the temperature of wheat tissue as an indicator of 
transpiration activity. Digital infrared images revealed significant differences between 
untreated and fungicide-treated plants at different growth stages (GS). At GS 75, 
photosynthetic activity of untreated plants was lower compared to fungicide-treated plants; 
however, only bixafen gave a significant effect. All fungicide treatments increased grain 
yield. Application of bixafen significantly increased the yield compared to all other 
treatments. The temperature of ears and leaves was negatively correlated to grain yield. 
Lower tissue temperature of fungicide-treated plants was a suitable indicator of tissue 
vitality and higher photosynthetic activity due to the retardation of ear and leaf 
senescence. The combination of positive effects on physiology of wheat resulted in a yield 
advantage of bixafen-treated plants.  
Keywords: Flag leaf, grain yield, green leaf area, plant senescence, thermography. 
 
1. INTRODUCTION 
 
Several tools are used to control fungal diseases in wheat (Triticum aestivun L.) 
production in order to prevent yield losses and reductions in grain quality. In intensive 
production the use of fungicides is one of the most widespread methods among these 
strategies. An effective control of foliar diseases during the period between flag leaf 
emergence and milk stage of kernels is important to achieve optimum crop yields, 
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because the flag leaf is the most important organ associated with grain yield (Reynolds et 
al., 2000). Almost 45 % of the carbohydrates used for grain filling are produced in the flag 
leaf (Lupton, 1972). Successful control of fungal pathogens on the upper leaves results in 
a longer period of light interception associated with higher assimilate production and their 
transport into the ear for grain filling (Gooding et al., 2000; Blandino and Reyneri, 2009). 
Effects of fungicides on yield and grain weight were superior when applied just after flag 
leaf emergence (Cook and Thomas, 1990).  
The efficacy of fungicides against pathogens has been the parameter usually studied. 
However, some fungicides are described to have additional effects on plant physiology. 
Application of strobilurins (Qo inhibitors) has been repeatedly shown to result in increased 
grain yields, kernel weights and protein contents associated with a delay in the 
senescence of flag leaves (Bayles, 1999; Dimmock and Gooding, 2002a; Dimmock and 
Gooding, 2002b; Bryson et al., 2000; Zhang et al., 2010). In addition to the fungicidal 
activity, strobilurins – which inhibit fungal growth by blocking the electron transport at the 
cytochromr-bc1 complex in mitochondrial respiration (Sauter et al., 1995) – have been 
reported to induce physiological changes in crops, like increased tolerance against abiotic 
stress (Köhle et al., 2002), darker green appearance of leaves (Konradt et al., 1996), 
delayed senescence of photosynthetic leaf area (Wu and von Tiedemann, 2001), changes 
in the balance of phytohormones (Grossmann and Retzlaff, 1997), and increased CO2-
uptake (Beck et al., 2001). Extension of the green leaf area duration (GLAD) triggered by 
strobilurins is one of the most positive side effects reported in literature (Habermeyer et 
al., 1998). It has been explained by an effect of strobilurins on the metabolism of 
phytohormones. Kresoxim-methyl increased the endogenous cytokinin level of wheat 
tissue and reduced the 1-aminocyclopropane-1-carboxylic acid (ACC) content, which 
catalyzes the first step in the biosynthesis of ethylene (Grossmann and Retzlaff, 1997).  
Several studies have investigated also the effect of azole fungicides on plant physiology 
(Buchenauer and Rohner, 1981; Lorens and Cothren, 1989; Grossmann et al., 1999). 
Triadimefon increased the chlorophyll content of dark-adapted winter wheat by 4 to 40% 
under disease-free conditions; however, the fungicide had no effect on GLAD (Lorens and 
Cothren, 1989). The application of benomyl, dichlofuanid and zineb on wheat resulted in a 
delay of senescence compared to untreated plants (King et al., 1983). Assessment of the 
percentage green leaf area is the main method to evaluate the effect of fungicides on 
plant senescence. This method has the disadvantage that the estimation of real green leaf 
area is subjective and may vary among individuals. Reliable differences often have to be 
obvious. The use of non-destructive methods such as infrared (IR) thermography may be 
an alternative to establish differences in terms of plant senescence. The method gives the 
possibility to have an early detection of changes in canopy vitality. Near-range IR 
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thermography records the temperature of plant surfaces depending on the transpiration 
rate. Infrared sensing of the canopy temperature has been used since the early 1980s 
(Grant et al., 2006) and variations in the surface temperature caused by biotic and abiotic 
stresses may be recorded by imaging techniques (Chaerle and Van Der Straeten, 2000).  
Recently, various fungicide classes to control cereal pathogens have been developed, 
e.g. succinate dehydrogenase inhibitors (SDHIs), which control fungal pathogens by 
inhibiting the enzyme succinate dehydrogenase in the mitochondrial respiration chain of 
fungi (Hoersefield et al., 2006). The first SDHI fungicides were developed in the 1960s to 
control pathogens such as Ustilago maydis and other basidiomycetes (Ulrich and Matre, 
1972) and were used especially for seed dressing. The SDHIs belonging to the chemical 
class of pyrazole carboxamides developed recently such as penthiopyrad or bixafen are 
characterized to have a broader spectrum of fungicidal activity including also ascomycetes 
of agronomic importance (Avenot and Michailides, 2010). Bayer CropScience discovered 
bixafen in 2001, and it shows high efficacy against many cereal pathogens in numerous 
field trials (Suty-Heinze et al., 2011).  
The aim of this chapter was to investigate the effects of bixafen, a pyrazole carboxamide, 
on the senescence and yield formation of wheat in comparison to those caused by azoles 
(triazolinthione), strobilurins and spiroketalamins. A series of experiments was conducted 
under disease-free conditions in the greenhouse. Non-invasive techniques were used in 
order to assess direct effects of the fungicides on wheat plants. 
 
2. MATERIALS AND METHODS 
 
2.1. Plant material 
Spring wheat (Triticum aestivum L., cv. Passat) was grown under greenhouse conditions. 
Twenty wheat kernels were sown two cm deep per pot (20 x 20 x 30 cm). Ten pots were 
used per treatment containing a mixture of organic soil (Klasmann-Deilmann GmbH, 
Germany), sand and C horizon (12:6:2 v/v). Plants were grown at 24/20 °C (day/night),  
70 ± 10% relative humidity (RH), photoperiod of 16 h d-1 with supplemental illumination        
(> 300 µmol m-2 s-1, lamps Philips SGR 140, Philips, Hamburg, Germany). Pots were 
watered once per day in order to maintain soil water content (approx. 55 - 85%) favorable 
for plant growth. A solution of a commercial N-P-K fertilizer (14-10-14, 2 g/l; Aglukon 
GmbH, Düsseldorf, Germany) was applied once every two weeks to ensure adequate 
nutrient supply. Plants were carefully inspected in order to control possible fungal 
infections. According to the BBCH scale (Hack et al., 1992) at growth stage (GS) 33 the 
fungicide Talius® (active ingredient [a.i.] proquinazid, 200 g L-1, DuPont de Nemours, Neu-
Isenburg, Germany) and at GS 70 the fungicide Vegas® (a.i. cyflufenamid, 51.3 g L-1, 
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Spiess-Urania, Hamburg, Germany) were applied to keep plants free from powdery 
mildew (Blumeria graminis f.sp. tritici). The insecticides Sumicidin® (a.i. fenvalerate,        
25 g L-1, BASF, Limburgerhof, Germany) and Bulldock® (a.i. beta-cyfluthrin 125 g L-1, 
Bayer CropScience, Monheim, Germany) were applied when necessary to control insect 
pests. 
 
2.2. Fungicide treatments 
Four fungicide spray treatments and a non-treated control were evaluated. Active 
ingredients belonging to the –azoles (prothioconazole, 250 g a.i. L-1), carboxamides 
(bixafen, 125 g a.i. L-1), spiroketalamines (spiroxamine, 500 g a.i L-1), and strobilurins 
(fluoxastrobin, 100 g a.i. L-1) were supplied by Bayer CropScience, (Monheim, Germany). 
Fungicidal products were applied at recommended field rates (water 300 L ha-1; 0.35 ml 
fungicide solution per plant) at two growth stages; first application when the flag leaf ligule 
was visible (GS 39), second application when emergence of inflorescences was 
completed (GS 59). Foliar applications were made with a CO2 pressurized hand-sprayer 
(Meisterwerkzeuge, Wuppertal, Germany) with an adjustable spray. Plants of different 
treatments were separated before fungicide application in order to avoid contamination 
between treatments. After spraying replicates of each treatment were randomized. The 
experiments were conducted twice. 
 
2.3. Assessment of green leaf area 
The green leaf area was assessed weekly after the second fungicide application (GS 59) 
until harvest and was measured as percentage of green area of the top three leaves (F,  
F-1 and F-2). Every week three randomly selected plants per replicate per treatment were 
selected to assess the green leaf area. The area under the green leaf area curve 
(AUGLAC) was calculated using the equation given by Cromey et al. (2004),  
                  n 
AUGLAC= ∑ 1/2(Yi + Yi-1)(Xi – Xi-1)  
                 i=1 
 
Where Yi= percent green leaf area at the ith observation, Xi = time (days after sowing) at 
the ith observation, n = total number of observations. 
 
2.4. Gas exchange measurements 
Measurements of gas exchange were performed at GS 75. Two ears per replicate were 
used and five replicates per treatment were measured. The minicuvette gas exchange 
system (CMS-400 Heinz Walz GmbH, Effeltrich, Germany) was used to measure net 
assimilation and respiration of wheat ears. Measurements on ears were conducted under 
light conditions simulating the sun spectrum by the use of the lighting unit FL-440 (Walz, 
Chapter 3 
51 
 
Effeltrich, Germany, ± 950 µmol m-2 s-1) after 20 min of equilibration to measure CO2 
uptake (photosynthetic activity), and under dark conditions measuring CO2 release 
(respiration) after 10 min of equilibration. 
 
2.5. Measurement of surface temperature of plant tissue 
Thermographic images were taken at GS 75, 80, 85 and 90. The images were recorded 
using a Stirling-cooled infrared scanning camera (VARIOSCAN 3201 ST, Jenopic Laser, 
Jena, Germany). The camera operates with a spectral sensitivity from 8 to 12 µm, a 
geometric resolution of 1.5 mrad (240 x 360 pixels focal plane array and a 30° x 20° field 
of view lens with a minimum focus distance of 0.2 m); thermal resolution is 0.03 K. Ten 
replicates per treatment were recorded. Measurements were conducted between 5:00 pm 
and 7:00 pm in order to avoid physiological and environmental changes among 
measurements. The software package IRBIS plus V 2.2 (Infratec, Dresden, Germany) 
was used to analyze the digital thermal images. The temperature of leaves and ears was 
analyzed independent of each other. For each replicate fifty pixels representing the tissue 
of interest in the digital images were used. Temperature data from the pixels were 
exported from IRBIS plus to MS Office Excel (Microsoft Deutschland, Unterschleißheim, 
Germany). The area under the leaf temperature curve (AULTC) and the area under the 
ear temperature curve (AUETC) were calculated using the equation: 
                    n 
AUL(E)TC= ∑ 1/2(Yi + Yi-1)(Xi – Xi-1)  
                    i=1 
 
Where Yi= absolute temperature value at the ith observation, Xi = time (days after sowing) 
at the ith observation, n = total number of observations. 
 
2.6. Ear development and yield parameters 
Parameters related to ear development were measured throughout the experiments. 
Plants were inspected every day to count the total number of emerged ears (GS 51) per 
pot. Ear senescence was evaluated daily after the second fungicide application at GS 59, 
ears with at least 25 % of the surface with typical signs of senescence were counted as 
senescent ears. The percentage of the emerged and senescent ears was calculated with 
respect to the total number of ears per pot. At harvest the total shoot biomass was 
weighed and the total number of ears per pot was determined. Ear weight was measured 
and the kernels were separated from the ears with a mini combine (Reichhardt Electronic 
Innovations, Inc, West Fargo, USA). Subsequently, the total weight of kernels was 
measured and the total number of grains was counted using an electronic grain counter 
(Pfeuffer GmbH, Kitzingen, Germany). Yield parameters e.g. grain yield, thousand kernels 
weight, number of ears, and number of kernels per ear was assessed. 
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2.7. Statistical analysis 
Data were analyzed using the statistical program SPSS for Windows (IBM Deutschland 
GmbH, Ehningen, Germany), version 17.0. Data were tested for normal distribution and 
equality of variances. The data were examined using analysis of variance (ANOVA) with 
the standard errors (SE) of the means being calculated. The means were compared using 
Tukey test at 95% confidence in order to separate subgroups. The grain yield and the 
area under the ear and leaf temperature curve were tested for correlation at a probability 
l v l o  0.05 us n     rson‟s  orr l t on  o       nt. 
 
3. RESULTS 
 
3.1. Ear emergence and green leaf area duration 
The emergence of wheat ears was delayed by fungicide applications. First ears emerged 
in untreated plants followed by plants treated with spiroxamine and fluoxastrobin          
(Fig. 3.1).  
 
Figure 3.1: Effect of fungicide treatments at GS 39 and GS 59 on ear emergence of wheat         
(cv. Passat). Vertical bars indicate SE. Same letters for a time indicate non-significant differences        
(p ≤ 0.05; n = 10). 
 
Bixafen and prothioconazole delayed the start of ear emergence by four and two days, 
respectively. Differences between untreated and fungicide treatments were significant for 
the first 15 days after the first ear had appeared. Despite of the delay in ear emergence in 
the first phase, fungicides did not retard the end of ear emergence; they rather 
synchronized the period of ear emergence. Leaf senescence was delayed when plants 
were treated with bixafen, fluoxastrobin and prothioconazole. These fungicides produced 
a significant effect on GLAD compared to the two other treatments (Fig. 3.2). 
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Figure 3.2: Effect of fungicide treatments on the green leaf area duration of flag leaf, F-1 and F-2 
of wheat (cv. Passat). Vertical bars indicate SE. Same letters for a time indicate non-significant 
differences (p ≤ 0.05; n = 10). 
 
The first differences in GLAD between these two groups became evident for leaf F-2 76 
days after sowing (das), and 82 and 89 das for leaf F-1 and flag leaf, respectively. For flag 
leaves, the higher differences between untreated and bixafen, prothioconazole and 
fluoxastrobin treatments were observed 110 das. For F-2, the biggest differences between 
treatments were recorded 103 das (Fig. 3.2). Bixafen, fluoxastrobin and prothioconazole 
treatments resulted in GLAD of all leaf layers five to seven days longer than that of 
untreated and spiroxamine-treated wheat.  
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For all fungicide treatments except spiroxamine, the area under green leaf area curve 
(AUGLAC) of flag leaves, F-1 and F-2 was increased by 7%, 12% and 19%, respectively, 
as compared to untreated plants (Fig. 3.3).  
 
 
Figure 3.3: Effect of fungicide treatments on the area under green leaf area curve; differences for 
flag leaf, F-1 and F-2 as compared to untreated control. 
 
3.2. Gas exchange of ears 
At growth stage 75 the CO2 net assimilation of wheat ears was significantly affected by 
fungicide treatments (Tab. 3.1). Early senescence of untreated ears resulted in a lower 
photosynthetic rate compared to fungicide treatments. At the same time, dark respiration 
of untreated ears was also lower than for fungicide-treated ears. Statistical analyses 
revealed that bixafen was the only fungicide treatment that resulted in a significant 
difference to untreated in photosynthesis and respiration. 
 
Table 3.1: Effect of fungicide application at GS 39 and GS 59 on the photosynthetic activity and 
respiration of wheat ears (cv. Passat) at GS 75. 
Treatment 
Photosynthesis Respiration 
[µmol CO2 m
-2 s-1] [µmol CO2 m
-2 s-1] 
Untreated -0.98 a 0.80 a 
Bixafen -5.94 b 6.12 b 
Fluoxastrobin -2.44 a 2.96 a 
Prothioconazole -1.86 a 2.12 a 
Spiroxamine -2.36 a 2.82 a 
Values with the same letter in the same column do not differ significantly according to Tukey´s test 
(p ≤ 0.05; n = 5).  
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3.3. Temperature of ears and leaves 
The temperature of leaves and ears was significantly different between fungicide-treated 
and untreated plants (Tab. 3.2). Ear temperature of fungicide-treated plants was 
significantly lower than of untreated ears at GS 75. 
 
Table 3.2: Effect of fungicide application at GS 39 and GS 59 on the temperature of ears and 
leaves of wheat (cv. Passat) at growth stages 75, 80, 85 and 90. 
Treatment 
Temperature [°C] 
GS 75  GS 80  GS 85  GS 90 
Ears Leaves  Ears Leaves  Ears Leaves  Ears Leaves 
Untreated 23.7c 22.5b  20.4d 18.1b  25.3b 24.4c  24.3a 23.4b 
Bixafen 22.3a 22.1a  18.2a 16.4a  24.5a 23.3a  24.1a 22.3a 
Fluoxas. 23.1b 22.3ab  18.9b 16.5a  24.8ab 23.4ab  23.9a 22.7a 
Prothioc. 23.1b 22.4ab  19.5c 16.6a  24.8ab 23.7 b  24.2a 23.1b 
Spirox. 23.2b 22.4ab  20.2d 16.4a  25.1ab 23.7b  24.2a 23.2b 
Values with the same letter in the same column do not differ significantly according to Tukey´s test 
(p ≤ 0.05; n = 10). 
 
In r fl  t n    m   s   rs o  untr  t   pl nts s ow   typ   l s  ns o  s n s  n  , w     
were also evident in IR images (Fig. 3.4). At this growth stage bixafen was the only 
fungicide treatment resulting in average leaf temperature significantly different from that of 
untreated plants. 
Ear temperature significantly differed among treatments in the period from GS 75 to GS 
85, while there were no differences at GS 90. At this growth stage, wheat treated with 
spiroxamine, prothioconazole and untreated plants did not differ in leaf temperature, 
whereas the temperature of leaves treated with fluoxastrobin and bixafen was significantly 
lower than that of untreated wheat. 
 
 
Figure 3.4: R fl  t n    m    (A)  n  t  rmo r m ( ) o  b x   n tr  t   (l  t)  nd untreated 
(right) wheat plants (cv. Passat) at GS 75. 
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3.4. Plant growth and yield parameters 
Fungicide applications delayed the senescence of wheat ears. Ears of untreated plants 
showed first symptoms of senescence 75 das, while senescent ears were recorded three 
days later for fungicide-treated wheat (Fig. 3.5).  
 
Figure 3.5: Effect of fungicide application on the senescence of wheat ears (cv. Passat). Vertical 
bars indicate SE. Same letters at a time indicate non-significant differences (p ≤ 0.05; n = 10). 
 
All ears of untreated and spiroxamine-treated plants were senescent 110 das, while for 
fluoxastrobin, prothioconazole and bixafen treated plants this stage was reached five days 
later. All fungicide treatments increased the grain yield. However, only the application of 
bixafen significantly increased the yield compared to the other treatments (Tab. 3.3). The 
number of ears per pot and the total number of kernels per ear showed no significant 
differences among treatments. The thousand kernel weight was increased by all fungicide 
treatments compared to untreated with bixafen resulting in a significant effect. 
 
Table 3.3: Effects of fungicide application at GS 39 and GS 59 on yield components of spring 
wheat (cv. Passat). 
 
Treatment 
No. of ears 
per  pot 
Ears weight 
[g] 
No. of ker-
nels per ear 
TKW 
[g] 
Yield 
[g / pot] 
Untreated 39.0 a 38.9 a 22.7 a 33.5   a 29.6 a 
Bixafen  40.0 a 47.3 b 25.1 a 37.5   b 37.5 b 
Fluoxastrobin  41.0 a 41.2 a 21.9 a 34.3   a 30.5 a 
Prothioconazole  43.1 a 41.8 a 22.2 a 33.5   a 32.1 a 
Spiroxamine  40.9 a 41.8 a 23.2 a 35.5 ab 33.4 a 
Values with the same letter in the same column do not differ significantly according to Tukey´s test 
(p ≤ 0.05; n = 10). 
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The area under ear temperature curve (AUETC) and the area under leaf temperature 
curve (AULTC) were negatively correlated to grain yield (Fig. 3.6). Regression coefficients 
were very similar for all treatments for both correlations, however, the intercepts slightly 
varied. For all treatments the correlation coefficients R2 were >0.9 when AUETC was 
correlated to grain yield. 
In contrast, the correlation coefficient for the relation between AULTC and grain yield were 
always lower that 0.9 for all treatments. For the correlation between AUETC and grain 
yield is clear how the slope of linear regression curves varied between treatments. 
Untreated and spiroxamine treatments showed curves with steeper gradient compared to 
the other treatments (Fig. 3.6). The overall result of the linear regression analysis 
demonstrated that ear temperature has a higher effect on the grain yield than leaf 
temperature. 
 
 
Figure 3.6: Correlations between the area under ear temperature curve (AUETC) and area under 
leaf temperature curve (AULTC) and grain yield of wheat (cv. Passat), by fungicide. 
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4. DISCUSSION 
 
The experiments under disease-free conditions indicated that the fungicides belonging to 
the chemical groups pyrazole carboxamides, strobilurins and azoles had positive effects 
on plant development and grain yield. All treatments including untreated completed ear 
emergence at the same time. Therefore bixafen, prothioconazole and fluoxastrobin 
harmonized the period of heading compared to untreated wheat plants. This effect 
produced by fungicides has not been reported before and may be positive especially in 
years with high risk of Fusarium infection of ears as the infection risk increases with the 
period of heading.  
Bixafen, fluoxastrobin and prothioconazole extended GLAD of the upper three leaf layers 
irrespective of fungicide activity. This is in agreement with previous reports that 
strobilurins and azoles result in longer GLAD of flag leaves (Dimmock and Gooding, 
2002c; Ruske et al., 2004; Peppler et al., 2005). Grossmann et al. (1999) demonstrated in 
an assay with wheat leaf discs that the positive effect on chlorophyll content increased 
with the dose of the strobilurin pyraclostrobin.  
Most of the studies investigating the effect of fungicides on plant physiology have been 
conducted under field conditions where effects of the fungicides on GLAD are attributed to 
the control of the major foliar pathogens of wheat (Cook and Thomas, 1990; Gooding et 
al., 2000; Peppler et al., 2005). Dimmock and Gooding (2002) reported that the effect on 
GLAD was more pronounced when famoxadone and flusilazole were applied in plots with 
the highest disease pressure. Gooding et al. (2000) concluded that the effect of fungicides 
on GLAD is closely related to factors such as crop genotype, active ingredient and 
incidence of foliar pathogen. In the present study the only factor differing between 
treatments was the fungicide applied, since the main objective was to investigate the 
effect(s) of fungicides on wheat physiology.  
The delay of senescence may be attributed to the control of saprophytic fungi on the plant 
surface. They are reported to play a role in leaf senescence and since fungicides inhibit 
spore germination and mycelial growth of saprophytic fungi and minor pathogens, this 
control may contribute to retarded senescence of crops (Bertelsen et al., 2001). Tolstrup 
(1984) confirmed that saprophytic fungi may influence leaf senescence in barley.  
The extension of the green leaf area duration and the greening effect caused by 
fungicides has been associated with yield increases (Jörgensen et al., 1999; Jörgensen 
and Olesen, 2002). A direct relation between the extension of GLAD and extra grain yield 
has been shown in several studies (Gooding et al., 2000; Beck et al., 2001; Peppler et al., 
2005). Bixafen, and to a lesser degree the other fungicides maintained vitality of ears and 
leaves at high levels - even in later growth stages. Due to delay of ear senescence 
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bixafen positively influenced the photosynthetic activity of wheat ears and promoted 
physiological activity of ears associated with improved grain filling.  
Application of the azole, carboxamide and strobilurin fungicides resulted in higher grain 
yield, although it was not always significantly different from the yield of untreated wheat. 
The yield increase from bixafen was clearly related to improved / extended grain filling 
resulting in increased kernel weight. The number of tillers was not affected, since the 
fungicides had been applied only at growth stages after the determination of this yield 
component during wheat ontogenesis.   
Infrared sensing of the canopy temperature has been used mainly to study changes 
caused by biotic and abiotic stress conditions (Guiliani and Flore, 2000; Chaerle et al., 
2004; Oerke et al., 2006). In this study IR thermography was used to establish differences 
in plant vitality and senescence represented in surface temperature of leaves and ears. A 
direct relation could be established between leaf temperature and green leaf area 
(duration) because plants with retarded senescence had higher tissue vitality associated 
with higher levels of transpiration. Infrared thermography was suitable for the assessment 
of beneficial effects of fungicides on plant vitality due to the high thermal sensitivity of the 
camera. Significant differences in leaf temperature between treatments could be 
measured even before characteristic symptoms of senescence became visible.   
Since plant temperature was negatively correlated to vitality and grain yield, IR 
thermography has the potential for remote sensing of fungicide effects also in screening 
assays – under controlled conditions as well as in the field. Lenthe et al., (2007) 
demonstrated the use of aerial thermography for the assessment of direct effects of 
fungicides on wheat yield formation without differentiating between fungicidal effect and 
phytotonic effects of the fungicides applied. 
The use of non-destructive sensors for the recording of plant vitality is especially useful in 
time series experiments, since the assessment of plant senescence is objective – without 
subjective errors of the rater(s) – and may be automatized for larger sample numbers. 
 
5. CONCLUSION 
 
This study demonstrates that the SDHI fungicide bixafen induces physiological changes in 
wheat plants such as synchronized the ear emergence, increased green leaf area 
duration, higher physiological activity of ears during grain filling due to delay of plant 
senescence. The combination of these effects resulted in a yield advantage of bixafen 
treated plants compared to the other fungicide treatments. 
Digital thermography for the assessment of plant surface temperature revealed significant 
differences between untreated and fungicide-treated plants, it proved to be a precise 
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method to establish and quantify side effects of fungicides on senescence of leaves and 
ears. This method was more sensitive than visual assessment of green leaf area duration. 
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CHAPTER 4: SENSORS AND IMAGING TECHNIQUES FOR THE 
ASSESSMENT OF THE DELAY OF WHEAT SENESCENCE 
INDUCED BY FUNGICIDES 
(Published in: Functional Plant Biology, 2013, DOI: 10.1071/FP12351) 
 
ABSTRACT 
 
Near range and remote sensing techniques are excellent alternatives for destructive 
methods to measure beneficial effects of fungicides on plant physiology. Different non-
invasive sensors and imaging techniques have been used and compared to measure the 
effects of three fungicidal compounds, bixafen, fluoxastrobin and prothioconazole on 
wheat physiology under disease-free conditions in the greenhouse. Depending on the 
fungicidal treatment changes in green leaf area and in yield parameters were observed. 
Chlorophyll fluorescence of leaves was useful to measure differences in the effective 
quantum yield of photosystem II. Reflectance measurements of wheat leaves were highly 
sensitive to changes in plant vitality. The spectral vegetation indices were useful to 
determine differences between treatments in terms of leaf senescence, pigments and 
water content. The analysis of ear and leaf surface temperature was reliable to detect 
effects of fungicides on plant senescence. 
Using non-destructive sensors, it was possible to assess a delay in senescence of wheat 
due to fungicide application. Furthermore, it was deduced that sensors and imaging 
methods are useful tools to estimate the effects of fungicides on wheat physiology. 
Physiological parameters measured by the sensors were actually more sensitive than 
yield parameters to assess the effect caused by fungicide application on wheat 
physiology. 
Keywords: Leaf reflectance, IR thermography, chlorophyll fluorescence, green leaf area, 
grain yield. 
 
1. INTRODUCTION 
 
Fungicide application is the common practice to control fungal pathogens in intensive 
wheat crops. Various fungicidal compounds with different modes of action are available on 
the market. The development of active ingredients with novel mode of action is essential 
for a sustainable disease control. Currently, fungicide manufacturing companies have 
developed new active ingredients to control the major foliar pathogens of cereals (Walter, 
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2011). Succinate dehydrogenase inhibitors (SDHIs) are one example; they affect 
pathogens by inhibiting succinate dehydrogenase in the mitochondrial respiratory chain 
(Hoersefield et al., 2006). This fungicidal group has a broader spectrum activity than older 
compounds from the same chemical group (Avenot and Michailides, 2010). 
Several papers report the beneficial effects of some fungicidal groups on the physiology of 
crops (Gooding et al., 2000; Bayles, 1999). The most reported effect is the delay of leaf 
senescence caused by strobilurins. Application of pyraclostrobin (Jabs et al., 2002), 
azoxystrobin (Bertelsen et al., 2001) and kresoxim-methyl (Grossmann and Retzlaff, 
1997) resulted in an extension of leaf lifetime by delaying senescence processes, which 
was often associated with increased yields (Grossmann and Retzlaff, 1997). 
There are a variety of methods for measuring beneficial effects of fungicides on wheat 
physiology, such as quantification of green leaf area duration (Gooding et al., 2000), 
photosynthetic activity (Beck et al., 2002), chlorophyll content (Grossmann et al., 1999), 
activity of enzymes associated to senescence (Köhle et al., 2002), and assessment of 
changes in the balance of plant growth regulators (Grossmann et al., 1999). However, 
most of these methods require destructive sampling of plant tissue, which is laborious and 
time consuming, and do not allow following the same leaves throughout the crop 
development. An excellent alternative to destructive methods is the use of non-invasive 
sensors and imaging techniques, which may enable the detection of differences in growth 
rate and early changes in plant physiology (Mahlein et al., 2012a). These techniques have 
been implemented successfully in phenotyping programs (Munns et al., 2010; Passioura, 
2012). Non-invasive methods provide a faster approach in the screening of a large 
number of genotypes, resulting in the optimization of crop breeding programs (Langridge 
and Fleury, 2011).  
Infrared (IR) thermography is a technique that records the temperature of plant surfaces, 
which corresponds to differences in transpiration rate (Chaerle and Van der Straeten, 
2001). Thermograms of wheat plants revealed significant differences between untreated 
and fungicide treated plants at different growth stages (Berdugo et al., 2012). Moreover, 
this technique is useful to assess the effect of fungicides on vitality and yield of wheat in 
field trials (Lenthe et al., 2007). 
The chlorophyll content is typically used as a parameter to estimate differences in 
photosynthetic activity of plants. The total chlorophyll content may be measured by 
destructive preparations, followed by the determination of the absorbance at specific 
wavelengths by spectrophotometric measurements (Richardson et al., 2002). 
Alternatively, the photosynthetic electron transfer can be assessed by chlorophyll 
fluorometers (Chaerle et al., 2003). This method has been used to study differences of the 
photosynthetic activity caused by biotic and abiotic stresses over the leaf area (Scholes 
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and Rolfe, 2009; Bürling et al., 2011).   
Different studies have linked spectral reflectance of radiation to the physiological status of 
plants (Asner, 1998; Carter and Knapp, 2001; Stylinski et al., 2002). Therefore, spectral 
reflectance measurements may be used to assess plant vitality. The reflectance of plant 
leaves is characterized by low reflectance in the visible range (VIS, 400 to 700 nm) due to 
light absorption by photoactive plant pigments (Merzlyak et al., 2008; Gitelson and 
Merzlyak, 1996), and high reflectance in the near infrared (NIR, 700 to 1100 nm) 
influenced by the internal structure and epidermal layers of the leaves (Asner, 1998; 
Carter and Knapp, 2001).  
The progressive loss of chlorophyll a and b results in the unmasking of pigments like 
anthocyanins, carotenoids and xanthophylls, as well as changes in internal cellular 
structure and a decrease in water content (Boyer et al., 1988). Based on the 
understanding of these principles, spectral vegetation indices (SVIs) adapted from specific 
wavelength of the spectral reflectance have been developed (Blackburn, 1998; Gitelson et 
al., 2001; Mahlein et al., 2013). SVIs like the photochemical reflectance index (PRI, 
Gamon et al., 1992), plant senescence reflectance index (PSRI, Merzlyak et al., 1999), 
anthocyanin reflectance index (ARI, Gitelson et al., 2001) and water index (WI, Peñuelas 
et al., 1997) are highly correlated to biochemical and biophysical plant parameters related 
to plant health and vitality. Consequently, spectral reflectance measurements and SVIs 
are applicable for non-destructive assessment of changes of the physiological status and 
vitality of vegetation caused by stress conditions (Blackburn, 1998; Römer et al., 2012) 
and may be used to monitor physiological changes in crop plants caused by fungicides 
such as delay of senescence. Furthermore, spectral reflectance might become an 
accurate alternative to conventional methods in determining the effects caused by 
fungicides on plant physiology. In this research we studied the suitability of non-invasive 
sensors to determine the influence of fungicides on physiological plant parameters such 
as photosynthesis and senescence over time. For this purpose, different non-invasive 
methods were employed and compared in order to determine advantages and 
disadvantages of every technique.   
The main objectives of this chapter were to: 
i. Use different optical sensors to assess direct effects of the fungicides on crop 
plants 
ii. Compare different non-invasive and destructive methods and their ability to 
measure the effect of fungicides on plant senescence  
iii. Determine the effects of different fungicidal compounds on wheat senescence. 
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2. MATERIALS AND METHODS 
 
2.1. Plant material 
Spring wheat (Triticum aestivum L. cv. Passat) was grown under greenhouse conditions. 
Five pots (experimental units, 20 x 20 x 30 cm) with 20 plants were used per treatment 
containing a mixture of organic soil (Klasmann-Deilmann GmbH, Geeste, Germany), sand 
and C horizon (12:6:2 v/v). Pots were randomized into the greenhouse. Plants were raised 
at 24/20 °C (day/night), 70 ± 10% relative humidity (RH), photoperiod of 16 h d-1 with 
supplemental illumination (> 300 µmol m-2 s-1, lamps Philips SGR 140, Philips, Hamburg, 
Germany). Plants were irrigated once per day in order to maintain soil water content 
(approx. 55 - 85%) to provide favorable growth conditions. A solution of a commercial N-
P-K fertilizer (14-10-14, 2 g/l; AGLUKON, Düsseldorf, Germany) was applied once every 
two weeks to ensure adequate nutrient supply. Plants were carefully inspected to control 
possible fungal infections. According to the BBCH scale (Hack et al., 1992) all plants were 
treated at growth stage (GS) 31 with the fungicide Talius® (active ingredient [a.i.] 
proquinazid, 200 g L-1, DuPont, Neu-Isenburg, Germany) and the fungicide Vegas® (a.i. 
cyflufenamid, 51.3 g L-1, Spiess-Urania, Hamburg, Germany) was applied at GS 65 to 
keep plants free from powdery mildew infections. To control insect pests, all plants were 
treated at GS 41 with the insecticide Sumicidin® (a.i. fenvalerate, 25 g L-1, BASF, 
Limburgerhof, Germany) and at GS 69 with the insecticide Bulldock® (a.i. beta-cyfluthrin 
125 g L-1, Bayer CropScience, Monheim, Germany). The experiments were conducted 
twice. In order to avoid interactions between treatments, all plants were treated in the 
same way and at the same time with the compounds used to prevent the presence of 
powdery mildew and insect pests. 
 
2.2. Experimental fungicides 
Plants treated with one of the three fungicidal compounds and a non-treated control were 
evaluated. Active ingredients belonging to different fungicidal groups - carboxamides, 
strobilurins and triazoles - were used: bixafen (125 g a.i. L-1, Emulsifiable concentrate 
(EC)), fluoxastrobin (100 g a.i. L-1, EC) and prothioconazole (250 g a.i. L-1, EC), the 
compounds were supplied by Bayer CropScience (Monheim, Germany). Fungicides were 
applied at the recommended field rates at two growth stages (GS). The first time of 
fungicide application was when the flag leaf ligule was visible (GS 39), the second time 
when emergence of inflorescences was completed (GS 59); in a third treatment the 
application was conducted twice at GS 39 and GS 59. Foliar applications were made with 
a CO2 pressurized hand-sprayer (2 L capacity, Meisterwerkzeuge, Wuppertal, Germany) 
with an adjustable spray. 
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2.3. Green leaf area and yield parameters 
The green leaf area was assessed by visual assessment at GS 71, GS 75, GS 81 and GS 
85. It was recorded as percentage of green area of the flag leaf. At every measurement 
three randomly selected plants per replicate (pot) were selected to assess the green leaf 
area. The average of the green leaf area of three leaves per pot was used for the 
statistical analysis (n=5).  
The number of ears per pot was counted and the total biomass was weighted at harvest. 
The ear weight was measured and kernels were separated from ears with a mini combine 
(Reichhardt Electronic Innovations, Inc, West Fargo, USA). Subsequently, the total weight 
of kernels was measured and the grains were counted by an electronic grain counter 
(Pfeuffer GmbH, Kitzingen, Germany). Yield parameters such as number of ears, single 
ear weight, number of kernels per ear and the grain yield per ear were calculated. 
 
2.4. Chlorophyll extraction 
The chlorophyll content was extracted following the protocol of Hiscox and Israelstam 
(1979). The total chlorophyll content of flag leaves from all treatments was measured at 
GS 75 and at GS 85 according to Blanke (1990). Dimethyl sulfoxide (99%) was used for 
chlorophyll extraction. Five leaf discs per treatment (n=5) with a diameter of 1 cm were 
weighted and kept under dark conditions for 24 h. A double beam UV/VIS 
spectrophotometer Uvikon 933A (BioTek Instruments, USA) was used to measure the 
absorbance at specific wavelengths (470, 645 and 663 nm). 
 
2.5. Chlorophyll fluorescence 
The chlorophyll fluorescence of wheat flag leaves was measured at GS 71, GS 75, GS 81 
and GS 85 with a portable pulse-mo ul t     lorop yll fluorom t r  AM-2000 (Walz, 
Effeltrich, Germany). Plants were kept in total darkness for 30 min at room temperature 
directly before fluorescence measurements. The experimental protocol of Genty et al. 
(1989) w s  ollow  . T   m n m l fluor s  n   (Fo) w s m  sur   w t    mo ul t   l   t 
of <0.1 mmol m-2 s-1. Subsequently, a 500 ms pulse of high-intensity (1000 μmol m-2 s-1) 
was applied. White light was used to produce a transient closure of PS II photochemical 
reaction centers. Leaves were continuously illuminated with white actinic light (336 mmol 
m-2 s-1). Four replicates were used per treatment (n=4). All measurements were made 
between 9:00 a.m. and 4:00 p.m. The effective quantum yield of photosystem II (yield) 
was assessed with a PAMWIN data acquisition system (Walz, Effeltrich, Germany). 
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2.6. Leaf reflectance 
Leaf reflectance was measured with a non-imaging spectroradiometer (ASD FieldSpecPro 
FR spectrometer, Analytic Spectral Devices, Boulder, USA) at GS 71, GS 75, GS 81 and 
GS 85. A plant probe foreoptic and a leaf clip holder with an integrated 100 W halogen 
reflector lamp and a field of view of 10 mm was used for measurements. The spectral 
range of the instrument was from 350 to 1100 nm. Since the reflectance spectra were 
noisy at the extremes, only values from 400 to 1000 nm were included in data analysis. 
The instrument was warmed up 90 min before measurements to ensure high quality and 
homogeneity of reflectance data. All measurements were obtained with an integration time 
of 17 ms per scan. For instrument optimization and reflectance calibration the average of 
25 dark current measurements was calibrated to the average of 25 barium sulphate white 
reference (Spectralon, LabSphere, North Sutton, NH, USA) measurements. Reflectance 
data of the wheat leaves was assessed as the average of 25 spectra per sample. In each 
treatment, spectra from 5 pots and 3 plants per pot were taken. Mean reflectance per pot 
was used for data analysis. Spectral signatures were evaluated and compared for all 
treatments. The reflectance difference was calculated by subtracting the mean reflectance 
of fungicide treated wheat from mean reflectance of untreated wheat at each wavelength. 
To evaluate the efficiency of spectral vegetation indices (SVIs) to identify and describe 
side effects of fungicides on wheat physiology, SVIs related to photosynthetic efficiency, 
plant senescence and to the pigment and water content were calculated (Tab. 4.1). In this 
study the photochemical reflectance index (PRI), the plant senescence index (PSRI), 
anthocyanin reflectance index (ARI), and water index (WI) were used. 
 
Table 4.1: Spectral vegetation indices and algorithms used in this study. 
 
Index Equation a Related to Reference 
Photochemical 
reflectance 
index  
PRI= (R531-R570) / 
(R531+R570) 
Epoxidation state 
xanthophylls cycle, 
pigments and pho-
tosynthetic radia-
tion use efficiency 
Gamon et al., 
(1992) 
Plant 
senescence 
reflectance 
index  
PSRI= (R680-R500) / R750 Plant senescence 
Merzlyak et al., 
(1999) 
Anthocyanin 
reflectance 
index 
ARI= (1 / R550) - (1 / R700) Anthocyanin 
Gitelson et al., 
(2001) 
Water index WI= R900 / R970 Water content 
Peñuelas et 
al., (1997) 
      a 
Reflectance at wavelengths indicated.  
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2.7. IR thermography 
Thermographic images were taken using a Stirling-cooled infrared scanning camera 
(VARIOSCAN 3021 ST, JENOPTIK, Jena, Germany). Characteristics are spectral 
sensitivity 8 to 12 µm, geometric resolution 1.5 m radians (240 x 360 pixels focal plane 
array, 30° x 20° field of view lens, minimum focus distance 0.2 m), thermal resolution 0.03 
K, and accuracy of absolute temperature measurement less than ± 2K.  All pots were 
assessed by thermography, 5 pots per treatment. The temperature of leaves and ears 
was analyzed independent of each other. In each case fifteen pixels were taken from the 
digital images per pot per treatment. The mean ear and leaf temperature per pot was used 
for statistical analysis (n=5). The plant temperature was measured at three growth stages: 
GS 75, GS 81 and GS 85, between 5:00 pm and 7:00 pm in order to avoid physiological 
and environmental changes among measurements. The software package IRBIS plus V 
2.2 (Infratec, Dresden, Germany) was used to analyze the digital thermal images. 
 
2.8. Statistical analysis 
All statistical analyses were performed using the Superior Performing System SPSS 17.0 
(SPSS Inc. Wacker Drive, Chicago, USA) for Windows. Data were tested for normal 
distribution and equality of variances. The data were examined using analysis of variance 
(One way-ANOVA) with the standard errors (SE) of the means being calculated. The 
means were compared using the Tukey test with a significance level of p = 0.05 
confidence in order to separate subgroups. 
 
3. RESULTS 
 
3.1. Leaf senescence and yield  
The green leaf area duration was extended by all fungicides. Application of bixafen, 
fluoxastrobin and prothioconazole prolonged the green leaf area compared to untreated 
control. However, significant differences were calculated just at the last measurement   
(GS 85; Fig. 4.1).  
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Figure 4.1: Effect of fungicides applied at GS 39, GS 59 and GS 39+59 on the green leaf area of 
wheat flag leaves measured by visual assessment. Bars represent standard error of the mean      
(p ≤ 0.05; n = 5); ns, not s  n     nt. 
 
 
At harvest, yield parameters were assessed. Irrespective of the application time, fungicide 
treatments had no statistically significant effect on the number of ears per pot, ear weight 
and number of kernels per ear (Tab. 4.2). Double bixafen application at GS 39 and 59 
resulted in significant higher yield in comparison to the other treatments. 
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Table 4.2: Effects of fungicides applied at GS 39, GS 59 and GS 39+59, respectively, on yield 
components of cv. Passat spring wheat. 
 
Application Treatment No. of ears / 
pot 
Ear weight 
[g] 
No. of 
kernels per 
ear 
Yield per 
ear [g] 
time 
GS 39 
Untreated 39.4a 1.4a 24.5a 1.1a 
Bixafen 39.4a 1.5a 26.0a 1.2a 
Fluoxastrobin 38.6a 1.7a 26.1a 1.1a 
Prothioconazole 40.0a 1.4a 24.6a 1.0a 
GS 59 
Untreated 39.4a 1.4a 24.5a 1.1a 
Bixafen 42.2a 1.5a 24.6a 1.2a 
Fluoxastrobin 40.2a 1.6a 25.0a 1.1a 
Prothioconazole 37.6a 1.4a 25.6a 1.2a 
GS 39+59 
Untreated 39.4a 1.4a 24.5a 1.1a 
Bixafen 39.0a 1.6a 25.8a 1.3b 
Fluoxastrobin 38.2a 1.6a 26.1a  1.2ab 
Prothioconazole 39.6a 1.6a 25.7a 1.1a 
Values with same letter within one application time do not differ significantly according to tukey´s 
test (p ≤ 0.05; n = 5). 
 
3.2. Chlorophyll content 
At GS 75, no significant differences in chlorophyll content of wheat leaves were detectable 
between treatments (Tab. 4.3).  
 
Table 4.3: Effect of fungicide treatments on the chlorophyll content of flag leaves of wheat cv. 
Passat at growth stages 75 and 85. 
 
Application 
time 
Treatment Chlorophyll content [mg/g] 
 GS 75 GS 85 
GS 39 
Untreated 5.26a 1.36a 
Bixafen 5.15a 1.85a 
Fluoxastrobin 5.42a 1.42a 
Prothioconazole 5.11a 1.38a 
GS 59 
Untreated 5.26a 1.36a 
Bixafen 5.56a 2.40a 
Fluoxastrobin 5.06a 1.62a  
Prothioconazole 5.19a 1.29a 
GS 39+59 
Untreated 5.26a 1.36ab 
Bixafen 5.03a 3.30b 
Fluoxastrobin 5.77a 1.57ab 
Prothioconazole 5.39a 1.24a 
Values with same letter within one application time do not differ significantly 
according to tukey´s test (p ≤ 0.05; n = 5). 
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At GS 85, single fungicide applications at GS 39 and GS 59 did not result in significant 
differences of chlorophyll content between treatments. However, bixafen and fluoxastrobin 
treated leaves had higher chlorophyll content compared to the other treatments. Double 
fungicide application at GS 39+59 resulted in a significant difference in chlorophyll 
content. Additionally, in average plants treated twice with bixafen (GS 39+59) had higher 
chlorophyll content compared to plants treated just once. 
 
3.3. Photosynthetic activity 
The effective quantum yield of photosystem II (PS II) of wheat flag leaves was not affected 
by fungicide treatments at GS 71, 75 and 81 (Fig. 4.2). However, at GS 75 and at GS 81 
all plants treated with fungicides at GS 39 had higher yields of PS II compared to 
untreated plants.  
 
Figure 4.2: Effect of fungicides applied at GS 39, GS 59 and GS 39+59 on the quantum yield of 
photosystem II of wheat plants measured by chlorophyll fluorescence. Bars represent standard 
error of the mean (p ≤ 0.05; n = 4); ns, not significant. 
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Significant differences between treatments were detected at GS 85. The same trend was 
observed when the fungicides were applied at GS 59; significant differences were 
observed for the last measurement time. Double fungicide application (GS 39+59) did not 
result in significant differences between treatments at the first three measurement times. 
At GS 85 bixafen application resulted in significant differences in the effective quantum 
yield of photosystem II. Plants treated twice with bixafen (GS 39+59) tendencially had 
higher PS II yields than the other treatments. 
 
3.4. Spectral reflectance 
At GS 71 leaf reflectance showed no differences between untreated plants and plants 
treated with bixafen, fluoxastrobin, or prothioconazole irrespective of the application time 
(Fig. 4.3). Reflectance spectra of all treatments were characteristic for healthy and vital 
wheat leaves. Changes in reflectance of untreated wheat leaves started at GS 75 and 
were strongly related to leaf senescence. Higher reflectance in the ranges 500 to 700 nm 
and 700 to 1000 nm were measured for untreated leaves at GS 75. Single 
prothioconazole application at GS 39 resulted in higher reflectance of leaves at the green 
peak (550 nm), whereas leaves treated with bixafen and fluoxastrobin showed higher 
absorbance in the VIS. Double applications of fungicides resulted in similar reflectance 
curves for all fungicide treatments. 
At GS 81, reflectance of untreated flag leaves was higher between the 400 to 670 nm 
range compared to all fungicide treated leaves. Reflectance of plants with single 
application at GS 39 was similar for bixafen and fluoxastrobin treated leaves with a 
marginal increase for prothioconazole. Single application at GS 59 resulted in reflectance 
differences between treatments. Bixafen caused lower reflectance in the VIS than 
fluoxastrobin and prothioconazole. Plants treated twice with bixafen (GS 39+59) had lower 
reflectance in the VIS than plants treated twice with fluoxastrobin and prothioconazole.  
At GS 85, untreated wheat leaves were in an advanced stage of senescence and had 
high reflectance in the range 450 to 650 nm and an overall increased reflectance in the 
NIR. In contrast, plants treated with bixafen (all applications) still were vital and had 
significantly lower reflectance than the other treatments. Reflectance of plants treated with 
fluoxastrobin or prothioconazole at GS 39 showed increased reflectance compared to the 
previous measuring time in the VIS and in the NIR only for prothioconazole. Application at 
GS 59 and double applications of these fungicides gave similar results. 
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Figure 4.3: Spectral signatures of wheat leaves treated with fungicides at GS 39, GS 59, and GS 
39+59 respectively, measured four times during the growth period (GS 71, GS 75, GS 81 and     
GS 85). 
 
 
Plotting the differences in reflectance to untreated control demonstrated that bixafen and 
fluoxastrobin had an effect on leaf reflectance (Fig. 4.4). At GS 71, all fungicide treatments 
exhibited only marginal differences to untreated plants. The differences increased at later 
growth stages especially in the VIS from 550 to 650 nm for all treatments and at the red 
edge inflection point. At GS 85, reflectance of bixafen treated plants differed highly in the 
VIS with respect to the untreated plants, the effect of fluoxastrobin on leaf reflectance was 
intermediate and prothioconazole affected leaf reflectance only when applied at GS 39. 
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Figure 4.4: Difference spectra of wheat leaves treated with fungicides at GS 39, GS 59, and GS 
39+59, respectively. Non-dimensional differences were computed by subtracting reflectance of 
untreated leaves and fungicide treated leaves. 
 
3.5. Spectral vegetation indices 
Four SVIs related to physiological parameters were calculated for the fungicide treated 
wheat leaves (Tab. 4.4). For all indices, no significant differences were present at the first 
two measurement times. At GS 81, single fungicide application at GS 39 resulted in 
different WI values. Fluoxastrobin treated plants were significantly different to untreated, 
bixafen and prothioconazole treated plants. 
Single application of bixafen at GS 59 resulted in significant differences to the untreated 
control in ARI and WI values at GS 81. At this time, no relevant changes were calculated 
for all indices between fluoxastrobin, prothioconazole and untreated plants. At GS 81, 
when fungicides were applied twice (GS 39+59) all fungicide treatments exhibited 
significant differences in WI values compared to the untreated control.  
At GS 85, all bixafen treatments (single and double application) were significant different 
to the untreated control for all SVIs. Leaves of bixafen treated plants were less senescent 
than those of the untreated plants at GS 85. For all indices, single fluoxastrobin 
application at GS 39 resulted in significant differences to untreated. For prothioconazole, 
only the WI was significantly different to untreated.  
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Table 4.4: Effect of fungicide application at GS 39, GS 59 and GS 39+59 on spectral vegetation 
indices of wheat leaves. 
 
Index Application Treatment GS 71 GS 75 GS 81 GS 85 
time 
PRI 
GS 39 
Untr. 0.015a 0.008a -0.046a -0.138a 
 
Bix. 0.016a 0.022a -0.009a -0.015c 
 
Fluox. 0.012a 0.025a 0.001a -0.073bc 
 
Proth. 0.011a 0.013a -0.017a -0.100ab 
 
GS 59 
Untr. 0.015a 0.008a -0.046a -0.138a 
 
Bix. 0.019a 0.015a 0.006a -0.016b 
 
Fluox. 0.022a 0.003a -0.026a -0.081a 
 
Proth. 0.022a 0.012a -0.002a -0.130a 
 
GS 39+59 
Untr. 0.015a 0.008a -0.046ab -0.138a 
 
Bix. 0.022a 0.027a -0.002b -0.024b 
 
Fluox. 0.020a 0.028a -0.049a -0.079b 
  Proth. 0.019a 0.026a -0.023ab -0.138a 
PSRI 
GS 39 
Untr. -0.014a 0.007a 0.042a 0.358b 
 
Bix. -0.011a 0.000a -0.007a -0.002a 
 
Fluox. -0.009a 0.000a -0.010a 0.133a 
 
Proth. -0.011a -0.002a -0.004a 0.163ab 
 
GS 59 
Untr. -0.014a 0.007a 0.042a 0.358b 
 
Bix. -0.013a 0.002a -0.008a -0.006a 
 
Fluox. -0.016a 0.018a 0.017a 0.113a 
 
Proth. -0.015a 0.003a -0.010a 0.332b 
 
GS 39+59 
Untr. -0.014a 0.007a 0.042ab 0.358bc 
 
Bix. -0.013a -0.002a -0.007ab -0.003a 
 
Fluox. -0.013a -0.006a 0.027b 0.153ab 
  Proth. -0.014a -0.004a -0.009a 0.383c 
ARI 
GS 39 
Untr. -1.538a 0.003a -0.207a 0.960c 
 
Bix. -1.431a 0.045a -0.848a -0.301a 
 
Fluox. -1.226a 0.040a -0.864a 0.204ab 
 
Proth. -1.169a 0.064a -0.802a 0.563bc 
 
GS 59 
Untr. -1.538a 0.003a -0.207b 0.960bc 
 
Bix. -1.526a 0.144a -1.325a -0.500a 
 
Fluox. -1.724a 0.255a -0.571b 0.369b 
 
Proth. -1.529a 0.278a -1.002ab 1.161c 
 
GS 39+59 
Untr. -1.538a 0.003a -0.207a 0.960bc 
 
Bix. -1.586a 0.053a -0.885a -0.118a 
 
Fluox. -1.458a -0.102a -0.302a 0.443ab 
  Proth. -1.370a -0.114a -0.540a 1.013c 
WI 
GS 39 
Untr. 0.979a 0.987a 0.988b 1.006b 
 
Bix. 0.980a 0.991a 0.987b 0.989a 
 
Fluox. 0.979a 0.989a 0.982a 0.990a 
 
Proth. 0.980a 0.991a 0.986b 0.998a 
 
GS 59 
Untr. 0.979a 0.987a 0.988b 1.006bc 
 
Bix. 0.977a 0.989a 0.983a 0.988a 
 
Fluox. 0.979a 0.991a 0.986ab 0.994ab 
 
Proth. 0.977a 0.992a 0.985ab 1.013c 
 
GS 39+59 
Untr. 0.979a 0.987a 0.988c 1.006b 
 
Bix. 0.978a 0.986a 0.983a 0.988a 
 
Fluox. 0.978a 0.985a 0.984ab 0.994ab 
  Proth. 0.980a 0.987a 0.986ab 1.011b 
Values with same letters within one application time do not differ significantly according 
to Tukey´s test (p ≤ 0.05; n = 5). PRI photochemical reflectance index, PSRI plant 
senescence reflectance index, ARI anthocyanin reflectance index and WI water index. 
 
Application of fluoxastrobin at GS 59 just resulted in significant different PSRI values to 
untreated control at the last measuring time. In contrast, single prothioconazole 
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application at GS 59 did not result in significant differences to the untreated control. 
Double fluoxastrobin application resulted in significant differences to the untreated control 
only by the PRI. There were no significant differences to the untreated control for all 
indices when prothioconazole was applied twice. 
 
3.6. Temperature of leaves and ears 
Fungicide application resulted in significant differences in ear temperature at GS 75    
(Tab. 4.5). In contrast, the mean temperature of wheat leaves at this growth stage was 
similar for all active ingredients and application times. The first relevant differences in leaf 
temperature between treatments were detected at growth stage 81. Leaves of bixafen 
treated plants had lower temperature compared to the other treatments (Tab. 4.5).At GS 
85, lower ear temperature was observed for bixafen treated plants for all application times; 
however, double application (GS 39+59) resulted in lower ear temperature compared to 
the single applications. Single and double fungicide applications showed similar effects on 
leaf and ear temperature. The first differences in ear temperature became evident at GS 
75, at this growth stage, no significant differences in leaf temperature were measured. 
First differences in leaf temperature occurred at GS 81 for all application times. 
Differences in ear and leaf temperature between untreated and plants treated twice with 
bixafen were recorded at GS 75 (Fig. 4.5). 
 
Table 4.5: Effect of fungicide treatments on the temperature [°C] of ears and leaves of wheat cv. 
Passat at growth stages 75, 81 and 85. 
 
Application 
time 
Treatment Temperature [°C] 
 
GS 75 
 
GS 81 
 
GS 85 
  Ears Leaves   Ears Leaves   Ears Leaves 
GS 39 
Untreated 
 
21.8 b 21.5 a 
 
24.7 bc 23.7bc 
 
23.1 b 22.7 b 
Bixafen 
 
21.3 a 21.5 a 
 
23.4 a 22.5 a 
 
22.6 a 21.8 a 
Fluoxastrobin 
 
22.2 c 21.7 a 
 
24.9 c 23.7 c 
 
23.1 b 22.3 ab 
Prothioconazole   21.1 a 21.5 a   24.5 b 23.3 b   23.1 b 22.8 b 
GS 59 
Untreated 
 
21.8 b 21.5 a 
 
24.7 c 23.7 c 
 
23.1 b 22.7 b 
Bixafen 
 
20.8 a 21.4 a 
 
23.3 a 22.8 a 
 
22.4 a 21.7 a 
Fluoxastrobin 
 
20.7 a 21.4 a 
 
24.3 b 23.2 b 
 
23.1 b 22.8 b 
Prothioconazole   21.6 b 21.4 a   24.2 b 23.6 bc   23.1 b 22.8 b 
GS 39+59 
Untreated 
 
21.8 b 21.5 a 
 
24.7 b 23.7 ab 
 
23.1 b 22.7 b 
Bixafen 
 
21.2 a 21.4 a 
 
23.4 a 23.5 a 
 
22.1 a 21.7 a 
Fluoxastrobin 
 
21.1 a 21.4 a 
 
24.7 b 24.1 b 
 
23.1 b 22.2 ab 
Prothioconazole   21.6 b 21.4 a   24.8 b 23.7 ab   23.1 b 22.7 b 
Values with same letter within one application time do not differ significantly according to 
Tukey´s test (p ≤ 0.05; n = 5). 
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Figure 4.5: Thermograms of untreated wheat plants and plants treated twice (GS 39+59) with 
bixafen measured at GS 75, GS 81 and GS 85. 
 
4. DISCUSSION 
 
This study demonstrates the potential of different non-invasive sensors to assess the 
delay of wheat senescence induced by fungicides. The effect of strobilurins and triazoles 
on the leaf senescence processes have been studied during the last decade, with the 
conclusion that these fungicidal groups may influence the level of phytohormons and as 
well as a reduction of oxidative stress associated to plant senescence (Cromey et al., 
2004; Jaleel et al., 2006). There is more information available about the effect of these 
two fungicidal groups on plant physiology, whereas there are few reports related to the 
effect of carboxamide fungicides on plant senescence. Recently, studies on different 
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crops demonstrated that carboxamide application may delay senescence and positively 
influence the yield (Horsfield et al., 2010; Berdugo et al., 2011). In the present study, the 
higher grain yield of carboxamide-treated plants was mainly attributed to the delay of 
senescence of leaves and ears, which resulted in a longer grain filling period compared to 
the untreated control. Application of bixafen, fluoxastrobin and prothioconazole delayed 
the senescence of leaves and extended the green leaf area duration compared to the 
untreated plants. However, visual assessments of the green leaf area by human raters are 
influenced by different constraints (Bock et al., 2010). The reliability of visual assessed 
senescence may differ between different rater or on different days and experiments 
(Nutter et al., 1993). Thus, it is subjective and differences in green leaf area have to be 
obvious. Differences between treatments in terms of green area at early stages were not 
noticeable by the naked eye. 
Since the green leaf area duration is correlated to chlorophyll content, pigment extraction 
is a common tool to determine leaf vitality. The reduction of leaf chlorophyll content 
associated with a decrease in the photosynthetic activity is closely related to plant 
senescence (Merzlyak et al., 1999). The breakdown of the chlorophyll and chloroplasts, 
which result in a decline of the photosynthetic activity, is one of the most relevant 
processes during senescence (Lingrui et al., 2007). However, it was not possible to detect 
significant differences between treatments at an early growth stage (GS 75). Capabilities 
of pigment extraction for fungicide screening or phenotyping are limited due to the 
destructive matter. It is not possible to follow the same individual over time and the 
sample size is restricted, and as a result may be not representative. 
Chlorophyll fluorescence permits the assessment of the operating quantum efficiency of 
electron transport through PSII in leaf tissue (Genty et al., 1990). Qingtao et al. (2002) 
reported that in senescent flag leaves of wheat the PSII apparatus remains functional 
while photosynthetic activity decreases. Since the decrease in photosynthetic activity in 
senescent leaves is associated to the reduction of the photochemical events of PSI and 
PSII (Grover and Mohanty, 1992), the use of a chlorophyll fluorometer is an accurate 
method to detect changes in the senescence states of plant tissue due to fungicide 
application or biotic and abiotic stresses. Furthermore, compared to destructive 
chlorophyll analysis, the use of a chlorophyll fluorometer allows the observation of the 
same leaves throughout an investigation, and it is less laborious.  
Reflectance measurements of wheat leaves were highly sensitive to plant vitality. Already 
at GS 75 leaf reflectance differences between untreated and fungicide treated plants were 
detected. This difference was most evident for double fungicide application; untreated 
plants showed already increasing reflectance compared to the previous measuring time in 
the VIS (low leaf absorption of light by leaf pigments), whereas fungicide treated plants 
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revealed no difference in reflectance. A healthy leaf represents highly performing 
photosynthetic machinery, efficiently absorbing radiation in the visible part of the spectrum 
(Gitelson and Merzlyak, 1994). Therefore, reflectance in the VIS is highly correlated to the 
pigment content and subsequently to plant vitality (Carter and Knapp, 2001; Gitelson and 
Merzlyak, 1996). During senescence, a progressive loss of photosynthetic pigments is 
described. As mentioned by Gitelson and Merzlyak (1994), events occurring in senescing 
and aging leaves are very close to processes in plants under abiotic and biotic stress 
conditions. By calculating spectral vegetation indices, it was possible to measure 
differences in specific leaf traits deduced from spectral reflectance like the anthocyanin 
content or the water content. In wheat leaves treated twice with bixafen, the concentration 
of photosynthetic pigments like chlorophyll a and b was higher than in leaves of the other 
treatments. This difference was measurable with the PRI, which is associated to 
photosynthetic radiation use efficiency and photosynthetic pigments, and with the PSRI, 
which is linked to plant senescence (Gamon et al., 1992). Comparison of spectral 
vegetation indices with destructive measures suggests fungicide application-specific 
relationships with leaf senescence. Thenkabail et al. (2000) established a strong 
relationship between spectral vegetation indices and agricultural crop biophysical 
characteristics. Besides the observation of vegetation, these indices have shown potential 
as a non-destructive measure of fungicidal side effects on the leaf level in this study. 
During senescence, chlorophyll concentration decreases whereas carotenoids and 
anthocyanins become apparent (Gitelson et al., 2001; Merzlyak et al., 1999); this 
accounts for the yellowing of senescing leaves. This yellowing caused an increase of 
reflectance in the green peak, and it and it was measurable in this study with the ARI in an 
early stage of senescence. Besides changes in pigmentation, leaf senescence produces 
differences in leaf structure and leaf water content. This was assessable in the NIR of the 
reflectance spectrum and by the WI as an indicator of leaf water content (Carter and 
Knapp, 2001; Peñuelas et al., 1997). Wheat plants treated with bixafen revealed higher 
turgor resulting in differences in WI index values compared to the other treatments. It has 
been shown that the indices used in our study are reliable indicators of fungicidal side 
effects and can differentiate senescent stages of wheat leaves. Our results are in 
accordance with Sims and Gamon (2002) who stated that optical methods are more 
suitable to assess pigment levels than destructive chemical methods, which estimate leaf 
pigment content by an area-based average. A further advantage of these vegetation 
indices to assess beneficial side effects of fungicides resides in their simplicity. The 
complex hyper-dimensional spectrum is reduced to a set of two or three relevant 
wavelengths. Thus, the method can be easily incorporated in online application or in 
fungicide screening processes.  
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Use of thermal imaging allowed the comparison of the temperature of plants treated 
differently under the same climate conditions directly in one picture (Berdugo et al., 2012; 
Mahlein et al., 2012b). The analysis of plant surface temperature was useful to detect and 
verify an effect of fungicide application on plant senescence. Plants treated with 
fungicides showed higher transpiration rates during grain filling explained by longer plant 
vitality compared to untreated plants. Stomatal aperture enables plants to exchange 
gases needed to run photosynthesis and to regulate plant temperature by water 
evaporation (Jones, 1998). One of the first stages of plant senescence is stomatal closure 
and is thus a diminution of transpiration (Munne-Bosch and Alegre, 2004). The reduction 
of the transpiration rate causes an increase of tissue temperature and consequently, a 
decrease of leaf photosynthetic activity (Kitaya et al., 2003). Since tissue temperature is 
associated to the plant senescence status, it was possible to assess the effect of 
fungicides on plant senescence by thermography. This is in accordance with Lenthe et al. 
(2007) who reported that thermography can be used as an accurate technique to detect 
differences in canopy temperature related to plant senescence of wheat plants under field 
conditions. 
Studies under field conditions demonstrated that the effect of fungicides on senescence is 
closely related to the active ingredient, the crop genotype and the incidence of foliar 
diseases (Gooding et al., 2000). Additionally, the effects of fungicides on yield have been 
mainly attributed to disease control (Cook and Thomas, 1990; Peppler et al., 2005). 
Application of prothioconazole and fluoxastrobin often resulted in higher grain yield than 
untreated control in experiments under field conditions (Haidukowski et al., 2012; 
Sadowski et al., 2009). The yield increment was mainly associated to the effective control 
of foliar pathogens by these active ingredients. Under greenhouse conditions, it is 
possible to control various environmental factors which can significantly affect disease 
development (Larkin and Fravel, 2002). By controlling temperature and moisture in the 
greenhouse, it is possible to avoid the major foliar pathogens of wheat. 
Yield assessment under greenhouse conditions bears several limitations. Environmental 
factors in the greenhouse such as temperature, UV-B radiation and CO2 concentration 
can diminish the yield potential of some plant species (Rajan and Blackman, 1975; 
Teramura and Murali, 1986; Lawlor and Mitchell, 1991). It may generate difficulties to 
detect and distinguish the effects produced by fungicide application through yield 
parameters. In the present study it was not always achievable to recognize beneficial 
effects of fungicidal compounds by yield parameters. However, by the use of sensors and 
imaging techniques it was possible to detect the effects of fungicides on plant senescence 
and physiology. Furthermore, by non-invasive techniques it was feasible to measure 
beneficial effects of fungicides on crop plants already at an early stage of the vegetation 
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period. In this comparative study, different methods have been applied and compared to 
monitor the effect of fungicides on wheat physiology (Tab. 4.6). These methods are based 
on different measuring principles and are linked to specific plant parameters. The 
physiological parameters recorded by technical sensors were more sensitive than visual 
assessments and yield parameters. The assessment of photosynthetic activity, surface 
temperature and leaf reflectance were suitable to establish differences between 
treatments. Based on these results it can be deduced that leaf reflectance measurement 
is the most sensitive and specific method with a high potential for large-scale fungicide 
screening processes. Recent hyperspectral imaging techniques should be incorporated in 
future studies to additionally explore plant physiology in high spatial resolution.
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Table 4.6: Comparison of different techniques to assess the delay of wheat senescence induced by fungicides. 
 
Method Parameter Physics Expertise 
required 
Input Accuracy Conclusions and remarks 
Time 
(length) 
Cost Sensitivity Specificity 
Reflectance 
spectrometry 
Light absorption and 
reflectance due to 
leaf structure and 
pigment content 
Visible range 
(400  - 700 nm) 
Near infrared 
(700 - 1000 nm) 
High Short High High High - Non-invasive 
- Imaging and non-imaging 
- Reproducible and objective 
- Repeated measurement of 
individuals  
- Analysis to be standardized 
Thermography Surface temperature 
influenced by 
transpiration rate 
Infrared radiation 
(8 - 14 µm) 
Medium Medium High High Medium - Non-invasive 
- Imaging technique 
- Comparison of different 
treatments in one image 
- Strong effect of environment-
tal conditions 
Chlorophyll 
fluorescence 
Photosynthetic 
activity 
Fluorescence 
emission of PSII 
(PSI) 
High Long High High Medium - Non-invasive 
- Imaging and non-imaging 
- Dark adaptation is time 
consuming 
Green leaf area 
duration 
Green leaf area Visual assessment Low Short Low Low Low - Non-invasive 
- Simplest and fastest method 
- Subjective estimation 
- May vary among raters 
Pigment 
extraction 
Pigment content 
(chlorophyll a/b, 
carotenoids, 
anthocyanin) 
Light absorption 
measurements 
with 
spectrophotometer 
at specific 
wavelengths 
Medium Long Medium Medium High - Destructive 
- High specificity  
- Small sample size, not repre-
sentative for the whole plant 
Yield Grain yield n/a Low Medium High Medium Medium - Destructive 
- Influenced by various environ-
mental factors 
- Long period between treat-
ment and assessment 
- Highly variable 
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5. CONCLUSION 
 
It was possible by the use of sensors to reveal changes in the senescence status of wheat 
plants due to fungicide application. In this study, senescence-associated changes in 
wheat physiology, i.e. degradation of photosynthetic pigments, photosynthetic activity, leaf 
reflectance, and transpiration of plant tissue was quantified by using ground-based optical 
sensors earlier than with destructive and visual methods.  
Non-invasive sensors and imaging techniques are an excellent alternative to traditional 
screening methods. New insights from non-invasive sensors can contribute to a better 
understanding of the effects of fungicides on plant senescence. These sensors can be 
incorporated in automatic and reproducible screening and phenotyping systems with high 
efficiency and accuracy. 
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CHAPTER 5: EFFECTS OF FUNGICIDES ON WHEAT TOLERANCE 
TO WATER DEFICIT  
 
ABSTRACT 
 
A series of experiments was conducted under greenhouse conditions, in order to 
determine the effects of fungicides on the tolerance of wheat to two water deficit 
conditions. Additionally, the potential of non-invasive methods, such as thermography and 
spectral reflectance, to determine the effects of fungicide application on plant tolerance to 
water deficit were assessed. Drought stress severely affected plant development; 
however, the application of bixafen and prothioconazole had a positive effect on plant 
tolerance to this stress condition. Specifically, plants treated with bixafen were more 
tolerant to drought compared to the untreated control. Moreover, plants treated with this 
active ingredient were found to be more tolerant to both water deficit conditions compared 
to the other fungicide treatments. 
Plant surface temperature and plant reflectance were suitable parameters for detecting 
the effect of fungicide application on wheat tolerance to water deficit. The use of infrared 
thermography and plant reflectance allowed the quantification of differences in plant 
vitality between fungicide treatments. IR thermography proved to be a suitable technique 
for assessing the effect of drought on transpiration of wheat as affected by various 
fungicides. Furthermore, changes in the reflectance of plants treated with different 
fungicidal groups were detected. Thus, it was possible to demonstrate the potential of 
non-invasive techniques to evaluate the effects of fungicides on the tolerance of wheat 
plants to adverse conditions such as drought. 
Keywords: Leaf reflectance, IR thermography, Spectral vegetation indices, stress 
tolerance. 
 
1. INTRODUCTION 
 
Abiotic and biotic stresses are the main limiting factors affecting crop production around 
the world (Boyer, 1982). Among the various types of abiotic stresses, water deficit 
generates main yield losses in intensive wheat production (Dash and Mohanty, 2001; 
Rampino et al., 2012). A rise in the global average temperature and a diminution of the 
precipitation due to climate change have resulted in a reduction in the supply of natural 
water sources, which have caused a decline in the amount of water available for crop 
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irrigation over the last years (Habash et al., 2009). Several alternatives to counteract the 
low water availability for crops have been implemented. The use of drought tolerant 
varieties and irrigation systems are the most common strategies applied worldwide to 
maximize the water use efficiency (Passioura, 2004). However, it is necessary to advance 
research to explore new and diverse alternatives to counter the negative effects caused 
by drought conditions.  
Apart from the fungicidal effect, the application of various active ingredients induced 
physiological changes in wheat plants (Nason et al., 2007). One reported effect is the 
substantial increase of plant tolerance to drought. Application of fungicidal compounds 
belonging to the strobilurin and azole groups resulted in an increment of plant tolerance to 
different environmental stresses (Wu and Von Tiedemann, 2002; Jaleel et al., 2006). For 
example, foliar application of pyraclostrobin resulted in a reduction of the ethylene 
biosynthesis in treated wheat shoots after short-term drought stress (Jabs et al., 2002). 
Similarly, horse chestnut trees (Aesculus hippocastanum) treated with either 
epoxiconazole, propiconazole, penconazole or paclobutrazol were more tolerant to 
drought stress than untreated plants (Percival and Noviss, 2008). Triazole treated trees 
had higher photosynthetic rates, total foliar chlorophyll and proline concentration than 
untreated trees at the end of a three-week drought (Percival and Noviss, 2008). Another 
reported effect is an increase in the antioxidant enzymes activity produced by strobilurins 
or triazole application in plants exposed to stress conditions. Wu and Von Tiedeman 
(2002) reported that azoxystrobin application significantly increased the activity of the 
antioxidative enzymes superoxide dismutase (SOD), ascorbate peroxidase (APX) and 
catalase (CAT), protecting barley plants against injurious ozone doses. In contrast to 
untreated plants, cowpea plants treated with propiconazole were more resistant to the 
adverse effects of drought stress, and the activity of SOD, APX and CAT were reported to 
be higher in treated plants (Manivannan et al., 2007). Nevertheless, the measurement of 
enzymatic activity to reduce the oxidative stress produced by the reactive oxygen species 
(ROS) required the destruction of the tissue, which is laborious and time consuming. 
Therefore, this has generated interest to explore alternatives and methods to measure the 
influence of fungicide application on plant tolerance to abiotic stresses.  
Thermography has been widely used to measure the damage caused by abiotic stresses 
in crop plants (Ayeneh et al., 2002; Jones et al., 2009) and to determine the effects 
caused by fungicide application on plant physiology (Berdugo et al., 2012). Canopy 
temperature is directly correlated to the evapotranspiration rate, which is affected by water 
deficit, making infrared sensing a suitable tool to measure the effects of drought 
conditions on the transpiration rate (Leinonen and Jones, 2004).   
Another non-invasive method to monitor detrimental effects caused by abiotic stress 
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conditions on plant development is the assessment of spectral reflectance. Canopy 
reflectance is influenced by biophysical characteristics such as tissue structure and 
biochemical characteristics like chlorophyll content (Mahlein et al., 2012). One of the first 
indicators of plant water deficit stress is the reduction of the content of photosynthetic 
pigments (Pirzad et al., 2011). Therefore, by the use of spectrometry it will be possible to 
measure the effect of water stress conditions on plant vitality. Several studies have 
described the use of spectral reflectance to detect early damage caused by abiotic 
stresses (Sonmez et al., 2008).  
One of the most popular methods to use information from spectral reflectance 
measurements is the calculation of spectral vegetation indices (SVIs), which are 
algorithms related to specific plant parameters such as plant vitality, senescence, pigment 
concentration, among others characteristics. They provide the possibility to determine 
specific changes in crop biomass or pigments content due to stress conditions 
(Thenkabail et al., 2000; Römer et al., 2012).  
In order to determine the effect of fungicide application on the wheat tolerance to water 
deficit, three fungicide treatments (bixafen, fluoxastrobin and prothioconazole) were 
compared to untreated control plants. The potential of thermography and spectral 
reflectance to determine the effect of fungicides on wheat tolerance to water deficit was 
assessed in a series of experiments conducted under greenhouse conditions.  
The main objectives of this chapter were to: 
i. Determine the effects of fungicides on the tolerance of wheat to water deficit 
ii. Investigate the response of wheat plants under two water deficit conditions 
iii. Use of non-invasive techniques to detect the effects of water deficit on plant 
vitality. 
 
2. MATERIALS AND METHODS 
 
2.1. Plant material 
Twenty seeds of wheat, cultivar Passat were sown in plastic pots (20 x 20 x 30 cm) 2 cm 
deep. Eight pots were used per treatment. The substrate consisted of a mixture of organic 
soil (Klasmann-Deilmann GmbH, Germany), sand and C horizon (12:6:2 v/v). Plants were 
grown at 24/20 °C (day/night), 70 ± 10% relative humidity (RH), photoperiod of 16 h d-1 
with supplemental illumination (> 300 µmol m-2 s-1, lamps Philips SGR 140, Philips, 
Hamburg, Germany). Plants were fertilized every two weeks with 400 ml of a 0.2% 
solution of a commercial N-P-K fertilizer (14-10-14, 2 g/l; Aglukon GmbH, Düsseldorf, 
Germany). Plants were carefully inspected in order to control possible fungal infections. 
According to the BBCH scale (Hack et al., 1992) all plants were treated at growth stage 
Chapter 5 
 
94 
 
(GS) 33 with the fungicide Talius® (active ingredient [a.i.] proquinazid, 200 g L-1, DuPont, 
Neu-Isenburg, Germany) and the fungicide Vegas® (a.i. cyflufenamid, 51.3 g L-1, Spiess-
Urania, Hamburg, Germany) was applied at GS 65 to keep plants free from powdery 
mildew infections. To control insect pests, all plants were treated at GS 41 with the 
insecticide Sumicidin® (a.i. fenvalerate, 25 g L-1, BASF, Limburgerhof, Germany) and at 
GS 71 with the insecticide Bulldock® (a.i. beta-cyfluthrin 125 g L-1, Bayer CropScience, 
Monheim, Germany). 
 
2.2. Fungicide treatments and water stress regimes 
Three fungicide treatments were compared to an untreated control: bixafen (125 g a.i. L-1), 
fluoxastrobin (100 g a.i. L-1) and the mixture of bixafen and prothioconazole (Bix.+Prot. / 
75 + 150 g a.i. L-1). The active ingredients were supplied by Bayer CropScience, 
(Monheim, Germany). Fungicides were applied at recommended field rates (water 300 L 
ha-1). Plants were treated twice, first at GS 39 and the second fungicide application was 
conducted at GS 59. A CO2 pressurized hand-sprayer (Meisterwerkzeuge, Wuppertal, 
Germany) with an adjustable spray was used for fungicide application. To avoid 
contamination between treatments plants were separated and treated far away from each 
other. After fungicide application plants were randomized into the greenhouse.  
Wheat plants were subjected to two different water stress regimes. Control plants without 
drought stress were watered once per day (400 ml/pot) in order to maintain soil water 
content favorable for plant growth (approx. 55 - 85%). Plants under drought stress 
conditions received half the amount of water compared to plants under no stress. The 
long-term drought stress condition started just after the first fungicide application (GS 39), 
and the short-term stress condition started after the second fungicide application (GS 59). 
 
2.3. Plant height and yield parameters 
Plant development parameters were assessed throughout the experiments. Plant height 
was measured at GS 62 from the base of the stem to the tip of the ear. The average of 
three measurements per pot was the value of the replicate. Eight replicates were used per 
treatment. At the end of the cycle, yield parameters were measured. The total number of 
ears per pot was counted and the single ear weight was calculated. At harvest the straw 
was weighed per pot. Eight replicates were measured per treatment. 
 
2.4. Measurement of plant reflectance 
At growth stage 65, 73, 81 and 85 plant reflectance was measured with a non-imaging 
spectroradiometer (ASD FieldSpecPro FR spectrometer, Analytic Spectral Devices, 
Boulder, USA). A pistol grip foreoptic was mounted on a tripod, 1 m above the plant 
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canopy.  The measurements of the wheat canopy were conducted between 9 pm and 12 
am. During the measurements plants were constantly illuminated by six ASD-Pro-Lamps 
(Analytic Spectral Devices (ASD), Boulder, USA). Reflectance data of the wheat plants 
were assessed at an average of 15 spectra per sample. In each treatment, spectra from 
five pots and three measurements per pot were taken. Mean reflectance per pot was used 
for data analysis. 
The spectral range of the instrument is from 350 to 1100 nm. Since the reflectance 
spectra were noisy at the extremes, only values from 400 to 1000 nm were included in 
data analysis. The instrument was warmed up 90 min before measurements were taken to 
ensure high quality and homogeneity of the reflectance data. A barium sulphate white 
reference was used for reflectance normalization. The white reference was placed under 
the pistol grip at the same level as the wheat canopy. 
Five spectral vegetation indices (SVIs) related to plant vitality and pigments content were 
calculated to categorize the effects of fungicide application on wheat tolerance to water 
deficit (Tab. 5.1).  
 
Table 5.1: Spectral vegetation indices and algorithms used in this study. 
 
Index Equationa Related to Reference 
Normalized 
difference 
vegetation 
index  
NDVI= (R800-R670)/ 
(R800+R670) 
Biomass, plant 
vitality 
 Rouse et al., 
(1974) 
Water index WI= R900 / R970 Water content 
 Peñuelas et 
al., (1997)  
Pigment 
specific simple 
ratio 
PSSRa= R800 / R680 
Chlorophyll a 
content 
 Blackburn, 
(1998) PSSRb= R800 / R635 
Chlorophyll b 
content 
PSSRc= R800 / R470 Carotenoid content 
     a 
Reflectance at wavelengths indicated 
 
2.5. IR thermography 
Thermographic images were taken using an infrared scanning camera (VarioCAM® hr 
head 500T, InfraTec GmbH, Dresden, Germany) with the following characteristics: 
spectral sensitivity 7.5 to 14 µm, geometric resolution of 768 x 576 pixels, temperature 
measuring range -40°C to 1200 °C. For thermographic measurements plants were 
arranged in two different ways. In order to measure absolute temperature, pictures from 
every replicate from each treatment were taken; eight replicates were used per treatment. 
To compare the treatments in the same image, four replicates from each treatment were 
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arranged together and the pictures were taken one meter and a half above from the plants 
canopy. Plant temperature was measured at four growth stages: GS 65, GS 73, GS 81 
and GS 85. Measurements were conducted between 5:00 pm and 7:00 pm in order to 
avoid physiological and environmental changes among measurements. Images were 
processed using the software package IRBIS 3 (InfraTec, Dresden, Germany). The 
temperature of leaves and ears were analyzed independently of each other.  
 
2.6. Statistical analysis 
Data were analyzed using the statistical program SPSS statistics for Windows (IBM 
Deutschland GmbH, Ehningen, Germany), version 20.0. Data were tested for normal 
distribution and equality of variances. The data were examined using analysis of variance 
(ANOVA) and the standard errors (SE) of the means were calculated. The means were 
compared using Tukey test at 95% confidence in order to separate subgroups. 
 
3. RESULTS 
 
3.1. Plant development and yield parameters 
Plant height was severely affected by the long-term water stress condition. The long-term 
stress condition reduced plant height by 11% on average for all treatments in comparison 
to plants cultivated under the no stress condition (Tab. 5.2). However, no significant 
differences in plant height were calculated between treatments. Furthermore, fungicide 
application did not influence this parameter even under the no stress condition. The 
number of ears per pot was reduced by both drought conditions. This reduction was more 
severe when drought stress started at GS 39 (long-term stress). However, no significant 
differences were calculated between treatments regarding the number of ears per pot.  
The ear weight was affected by stress conditions; it was reduced on average for all 
treatments by 21% by the short-term drought stress and 29% by the long-term drought 
stress condition. 
At harvest, the straw weight was measured; under no stress condition, no significant 
differences were calculated between treatments. However, all fungicide treatments had 
higher straw weight than the untreated control. In contrast, under both drought stress 
conditions significant differences were calculated between treatments. Application of 
bixafen and Bix.+Prot. resulted in a higher plant biomass compared to the untreated and 
fluoxastrobin treatments (Tab. 5.2). On average, the short-term stress reduced the straw 
weight by 23% compared to normal water conditions. Under the long-term stress 
condition, the reduction was 42%. 
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Table 5.2: Effect of fungicide treatments on wheat development parameters under different water 
supply conditions. 
 
Water Fungicide Plant height No. of ears Ears weight 
Straw 
weight 
regime Treatment [cm] per pot [g/pot] [g/pot] 
 
Untreated 55.3 a 42.0 a 30.7 a 60.7 a 
No stress Bixafen 56.3 a 40.7 a 31.0 a 66.4 a 
 Fluoxastrobin 56.2 a 42.4 a 29.0 a 66.6 a 
  Bix.+Prot. 54.1 a 38.6 a 28.6 a 72.3 a 
 
Untreated 55.6 a 34.1 a 23.4 a 49.1 a 
Short-term  Bixafen 55.6 a 34.5 a 25.4 a 55.2 b 
stress Fluoxastrobin 55.8 a 32.0 a 22.6 a 47.6 a 
 
Bix.+Prot. 55.7 a 34.1 a 22.6 a 52.3 ab 
  Untreated 49.7 a 28.7 a 20.4 a 37.5 ab 
Long-term  Bixafen 49.3 a 31.5 a 23.8 a 40.9 b 
stress Fluoxastrobin 49.7 a 27.2 a 20.2 a 35.3 a 
  Bix.+Prot. 49.4 a 27.4 a 20.9 a 40.5 b 
Values with same letters within the same water supply condition do not differ significantly according 
to Tukey´s test (p ≤ 0.05; n = 8).  
 
 
3.2. Plant reflectance 
At the first measurement (GS 65) the reflectance spectra of wheat for all water supply 
conditions were similar for all fungicide treatments (Fig. 5.1). However, plants under long-
term stress showed higher reflectance in the visible (VIS) range compared to plants under 
the other two water conditions at this growth stage.  
At GS 73, first differences in plant reflectance between plants under no stress and short-
term stress conditions were measured. The reflectance of plants under short-term stress 
conditions was higher in the VIS range and in the near infrared (NIR) compared to the 
reflectance of plants under normal water conditions. Comparable to the first measurement 
date, plants under long-term stress had higher reflectance compared to plants under no 
stress and short-term stress conditions. Bixafen and Bix.+Prot. treated plants had lower 
reflectance in the green peak compared to the other treatments for both water deficit 
regimes. 
At the third measuring date (GS 81), higher reflectance in the range from 500 to 700 nm 
was measured for untreated and fluoxastrobin treatments compared to bixafen and 
Bix.+Prot. treatments. In the case of short-term stress, bixafen treated plants had lower 
reflectance at the VIS and at the NIR compared to the other treatments. Under long-term 
stress conditions application of Bix.+Prot. resulted in a lower reflectance at the green peak 
(550 nm) compared to the remaining treatments.  
At the last measurement date (GS 85), the reflectance in the VIS was lower for plants 
treated with bixafen and Bix.+Prot. under no stress conditions compared to the untreated 
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control. Application of fluoxastrobin resulted in a spectrum similar to the untreated control. 
Under the short-term stress condition, the bixafen treatment was the only treatment with 
lower reflectance in the VIS than the untreated control. Plants under long-term stress 
conditions treated with bixafen and Bix.+Prot. had a lower reflectance in the VIS and 
higher reflectance in the NIR compared to the untreated and fluoxastrobin treatments. In 
general the plant reflectance for all treatments was lower under the no stress condition 
than under both stress conditions (Fig. 5.1). 
 
Figure 5.1: Spectral reflectance of fungicide treated and untreated wheat plants under different 
drought stress conditions, measured four times during the growth period (GS 65, GS 73, GS 81 
and GS 85). 
 
The first significant differences between the fungicide treatments and the untreated control 
were detected at GS 81 (Fig. 5.2). Under all water conditions, bixafen treated plants had 
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significantly lower reflectance from 500 to 700 nm than the untreated control. In the case 
of the fluoxastrobin treatments, no significant differences were calculated at this growth 
stage with respect to the untreated control. Plants treated with Bix.+Prot. had lower 
reflectance than the untreated control. However, significant differences in the spectrum 
were calculated under no stress conditions; plants treated with Bix.+Prot. had significantly 
lower reflectance from 500 to 700 nm than the untreated control. 
 
 
Figure 5.2: Spectral signatures together with the standard deviation (sd) of fungicide treated and 
untreated plants under different water supply conditions, measured at GS 81. 
 
By plotting the standard deviation, it was possible to observe different trends in the 
variability of the spectra within treatments (Fig. 5.3). Under no stress conditions the higher 
variability occurring within the treatments was calculated in the near infrared range. In 
contrast, the standard deviation under stress conditions was high from 500 to 700 nm and 
the variability of reflectance within treatments increased with time. 
 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
Mean Untreated
Mean Unt..+ sd 
Mean Unt..- sd
Mean Bixafen
Mean Bix.+ sd
Mean Bix.- sd
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
Mean Untreated
Mean Unt..+ sd 
Mean Unt..- sd
Mean Fluox.
Mean Fluox.+ sd
Mean Fluox.- sd
Wavelength [nm]Wavelength [nm] Wavelength [nm]
R
e
fl
e
c
ta
n
c
e
 [
%
/1
0
0
]
R
e
fl
e
c
ta
n
c
e
 [
%
/1
0
0
]
No stress Short-term stress Long-term stress
R
e
fl
e
c
ta
n
c
e
 [
%
/1
0
0
]
400 500 600 700 800 900 1000
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
Mean Untreated
Mean Unt.+ sd 
Mean Unt.- sd
Mean Bix.+Prot..
Mean (Bix.+Prot..)+ sd
Mean (Bix.+Prot..)- sd
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Chapter 5 
 
100 
 
 
 
Figure 5.3: Standard deviation of the spectral reflectance of fungicide treated and untreated wheat 
plants under different water supply conditions, measured four times during the growth period      
(GS 65, GS 73, GS 81 and GS 85). 
 
3.3. Spectral vegetation indices 
The normalized difference vegetation index (NDVI) was calculated as an indicator of plant 
vitality. At the first two measurement times, no significant differences were observed 
between treatments under all water supply conditions (Fig. 5.4). At GS 81 and GS 85 
bixafen application resulted in significant differences in the NDVI values compared to the 
untreated control. Furthermore, plants subjected to the stress conditions had lower NDVI 
values than plants grown under no stress conditions (Fig. 5.4). 
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Figure 5.4: Effect of fungicide treatments on the normalized difference vegetation index (NDVI) of 
wheat plants under normal water supply conditions, short-term and long-term water stress. 
 
 
Four spectral vegetation indices related to water and pigments content were calculated 
from the reflectance curves at every measuring date. 
For all water supply conditions, no significant differences were calculated at the first two 
measurement times (Tab. 5.3). Under no stress conditions, significant differences were 
detected in PSSRa, PSSRb and PSSRc at GS 81. Bixafen and Bix.+Prot. treatments were 
significantly different to the untreated and fluoxastrobin treatments. Under long-term 
stress conditions significant differences were calculated for all vegetation indices        
(Tab. 5.3). At the last measurement time, significant differences were calculated for the 
majority of the indices under all water supply conditions. However, for WI, no significant 
differences were calculated under the short stress condition.  
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Table 5.3: Effect of fungicide application at GS 39 and at GS 59 on spectral vegetation indices of wheat plants under three water supply conditions; no stress 
(NS), short-term stress (SS) and long-term stress (LS). 
 
   
Growth stage 
Index Treatment 
 
65 
 
73 
 
81 
 
85 
      NS   SS   LS   NS   SS   LS   NS   SS   LS   NS   SS   LS 
WI 
Untreated 
 
0.95 a 
 
0.95 a 
 
0.98 a 
 
0.95 a 
 
0.97 a 
 
0.99 a 
 
0.95 a 
 
0.98 a 
 
1.00 b 
 
0.97 b 
 
0.99 a 
 
1.01 b 
Bixafen 
 
0.94 a 
 
0.96 a 
 
0.97 a 
 
0.95 a 
 
0.97 a 
 
0.99 a 
 
0.95 a 
 
0.97 a 
 
0.99 a 
 
0.95 a 
 
0.98 a 
 
0.99 a 
Fluoxastrobin 
 
0.95 a 
 
0.96 a 
 
0.97 a 
 
0.95 a 
 
0.97 a 
 
1.00 a 
 
0.96 a 
 
0.97 a 
 
1.00 b 
 
0.97 b 
 
0.99 a 
 
1.00 b 
Bix. + Prot.   0.94 a   0.96 a   0.97 a   0.95 a   0.97 a   0.98 a   0.95 a   0.97 a   0.99 a   0.96 ab   0.99 a   0.99 a 
PSSRa 
Untreated 
 
6.99 a 
 
5.35 a 
 
2.98 a 
 
5.88 a 
 
3.20 a 
 
2.03 a 
 
4.35 a 
 
2.81 a 
 
1.65 a 
 
3.20 a 
 
1.92 a 
 
1.57 a 
Bixafen 
 
7.35 a 
 
4.66 a 
 
3.27 a 
 
6.39 a 
 
3.70 a 
 
2.33 a 
 
6.59 c 
 
3.40 a 
 
2.17 c 
 
5.47 b 
 
2.44 b 
 
1.90 b 
Fluoxastrobin 
 
6.14 a 
 
4.05 a 
 
2.84 a 
 
5.38 a 
 
2.92 a 
 
1.99 a 
 
4.62 ab 
 
2.61 a 
 
1.76 ab 
 
3.06 a 
 
1.95 ab 
 
1.51 a 
Bix. + Prot.   7.81 a   4.96 a   3.32 a   6.16 a   3.14 a   2.48 a   6.15 bc   2.79 a   2.06 bc   3.65 a   2.12 ab   1.86 b 
PSSRb 
Untreated 
 
6.63 a 
 
5.10 a 
 
2.94 a 
 
5.66 a 
 
3.20 a 
 
2.09 a 
 
4.13 a 
 
2.82 a 
 
1.72 a 
 
3.21 a 
 
2.01 a 
 
1.65 a 
Bixafen 
 
6.92 a  
 
4.54 a  
 
3.20 a  
 
6.01 a 
 
3.72 a 
 
2.39 a 
 
6.21 c 
 
3.40 a 
 
2.11 bc 
 
5.29 b 
 
2.48 b 
 
1.93 b 
Fluoxastrobin 
 
5.92 a 
 
3.86 a 
 
2.79 a 
 
5.23 a 
 
2.93 a 
 
2.08 a 
 
4.40 ab 
 
2.63 a 
 
1.84 ab 
 
3.06 a 
 
2.04 ab 
 
1.59 a 
Bix. + Prot.   7.39 a   4.72 a   3.25 a   5.97 a   3.18 a   2.53 a   5.70 bc   2.85 a   2.22 c   3.58 a   2.23 ab   1.98 b 
PSSRc 
Untreated 
 
7.84 a 
 
6.50 a 
 
4.09 a 
 
7.20 a 
 
4.90 a 
 
3.31 a 
 
5.82 a 
 
4.46 a 
 
2.80 a 
 
4.68 a 
 
3.29 a 
 
2.35 a 
Bixafen 
 
8.63 a 
 
6.47 a 
 
4.67 a 
 
7.77 a 
 
5.88 a 
 
3.85 a 
 
8.30 c 
 
4.97 a 
 
3.43 b 
 
7.62 b 
 
4.43 b 
 
3.28 b 
Fluoxastrobin 
 
6.92 a  
 
5.14 a  
 
4.11 a  
 
6.66 a 
 
4.27 a 
 
3.27 a 
 
6.33 ab 
 
4.13 a 
 
2.89 a 
 
4.53 a 
 
3.44 a 
 
2.39 a 
Bix. + Prot.   8.58 a   6.01 a   4.40 a   6.79 a   5.18 a   3.60 a   7.57 bc   4.68 a   3.29 ab   5.20 a   3.93 ab   3.11 b 
Values with same letters within the same index do not differ significantly according to Tukey´s test (p ≤ 0.05; n = 5). WI water index, PSSR pigment specific 
simple ratio (PSSRa, chlorophyll a; PSSRb, chlorophyll b and PSSRc, carotenoids). 
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3.4. Plant surface temperature 
At the first measuring date (GS 65), no significant differences in terms of ear and leaf 
temperature were observed between treatments under all water supply conditions        
(Fig. 5.5). 
 
 
Figure 5.5: Ear and leaf temperature of wheat plants under no drought stress, short-term and log-
term drought stress. Vertical bars indicate SE. Different letters indicate significant differences 
   or  n  to Tuk y‟s t st (p ≤ 0.05; n = 8); ns, no significant difference. 
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At GS 73, thermographs showed that plants treated under normal water supply conditions 
had lower surface temperatures than those plants experiencing stress conditions         
(Fig. 5.6). Ear and leaf temperatures were no significant different among plants under the 
no stress condition; in contrast, for both stress conditions, the first significant differences 
between treatments were observed. 
 
 
Figure 5.6: Effect of fungicide application on wheat canopy temperature, thermograms at GS 73, 
GS 81 and GS 85 of untreated plants and fungicide treated plants under three different drought 
stress conditions. 
 
At GS 81, fungicide application resulted in lower ear temperatures compared to the 
untreated plants. Bixafen treated plants had a significantly lower leaf temperature than the 
untreated control (Fig. 5.5). 
At the last measurement time (GS 85), plants subjected to drought were more senescent 
compared to plants under normal water supply, which was reflected in the canopy 
temperature (Fig. 5.6). No significant differences in ear temperature were calculated 
between treatments under both stress conditions. Under the no stress condition, all 
fungicide treatments had significantly lower ear temperatures compared to the untreated 
control. Bixafen treated plants had a significantly lower leaf temperature relative to the 
untreated control for all water supply conditions.  
The surface temperature under no stress conditions was always lower than the 
temperature of wheat under drought. For plants under long-term stress conditions, the 
temperature differences with respect to the untreated control were higher compared to the 
other two water regimes. 
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4. DISCUSSION 
 
Plants grown under long-term water deficit stress completed their life cycle faster than 
plants under normal water supply and short-term water stress conditions. It resulted in a 
shortening of the duration of every growth stage, and as a consequence it generated a 
decrement in the total plant biomass. It was possible to observe how wheat susceptibility 
to drought conditions was influenced by the phenological stage during which the stress 
began.  
Plants growing under water deficit had lower plant height and total biomass than plants 
growing under the normal water supply condition. The negative impact on the total 
biomass weight and plant height was more severe when plants were subjected to a longer 
water deficit period. This is supported by previous studies conducted either under 
greenhouse or field conditions, where the negative effect of drought on the total plant 
biomass was observed and quantified (Pan et al., 2003; McMaster and Wilhelm, 2003; 
Sibel and Birol, 2007).  
The reduction of plant biomass caused by water deficit might be explained by the fact that 
in these plants the abscisic acid level increases generating a reduction in shoot 
elongation; this is a plant strategy to counteract the negative effects caused by the stress 
condition (Spollen et al., 2000). Wheat plants treated with bixafen and Bix.+Prot. were less 
affected by drought in terms of plant biomass than the untreated control. These results 
confirm previous reports concerning how triazole application ameliorated the negative 
effects of water shortage on plant growth (Percival et al., 2008; Hojati et al., 2011). 
Hassanpour et al. (2012) reported that penconazole application on M. pulegium alleviates 
the negative effects caused by drought stress conditions. There are also reports about the 
increment of plant tolerance to stress conditions produced by bixafen application. Barley 
plants treated with bixafen had higher stress-tolerance reflected in a higher survival rate 
compared to untreated plants exposed to drought stress (Suty-Heinze et al., 2011).  
The water deficit severely reduced the ear weight compared to plants growing with an 
appropriate water supply; however, the reduction produced by the long-term stress varied 
between treatments. For untreated plants this reduction was 34%, whereas, for plants 
treated with bixafen and Bix.+Prot. it was 23% and 27% respectively. These two active 
ingredients increased the tolerance of wheat to drought stress. 
The negative effect of water shortage on plant vitality was detected at an early stage by 
reflectance measurements of wheat plants. Already at GS 65 it was possible to observe a 
higher reflectance in the VIS region (low leaf absorption of light by leaf pigments) of plants 
exposed to water stress. Under drought stress the reflectance increased in the range 
linked to light absorption by leaf pigments. This difference was more noticeable in plants 
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subjected to long-term stress. Water deficit generates a degradation of the photosynthetic 
pigments in plants that resulted in a transient decrease of the photochemical efficiency 
(Shao et al., 2008). Behera et al. (2002) reported that the chlorophyll (a+b) loss was faster 
in wheat leaves exposed to moderate water stress conditions compared to the control. As 
plant reflectance in the VIS is mainly related to the pigment concentration (Carter and 
Knapp, 2001), the decline of the pigment content caused by water deficit was clearly 
detected in this study by the measurement of the canopy reflectance, as well as by the 
chlorophyll related spectral vegetation indices.  
NDVI is one of the most frequently used vegetation index in remote sensing to assess 
plant vitality (Peñuelas et al., 1993; Krumov et al., 2008). Plants growing under water 
stress conditions had lower NDVI values compared to plants growing under normal water 
supply. Moreover, at later stages plants treated either with bixafen or Bix.+Prot. had 
higher NDVI values compared to the other treatments. It provided an indication of higher 
vitality of plants treated with these two fungicidal compounds under both water deficit 
conditions.  
The water index (WI) is a useful parameter to estimate water stress in plants (Peñuelas et 
al., 1997). WI has been used successfully to measure plant growth under water deficit 
conditions (Serrano et al., 2000; Claudio et al., 2006). In this study the calculation of the 
WI was an accurate measurement to establish differences between treatments in terms of 
water content. Already at GS 81, significant differences were calculated between 
treatments; bixafen and Bix.+Prot. treated plants were significantly different to the other 
treatments under long-term stress. It was an indication of the higher tolerance to water 
deficit for plants treated with these two compounds compared to the untreated plants.  
The PSSRc demonstrated significant differences between treatments at GS 81. This index 
is correlated to the carotenoid concentration of plant tissue. Fungicide treatments had 
higher PSSRc values compared to the untreated control. Carotenoids are regarded as 
very important pigments for photosynthesis; however, this class of pigments also plays a 
valuable role in generating plant tolerance towards stress conditions (Strzalka et al., 
2003). Several studies demonstrated the efficiency of carotenoids to reduce the activity of 
reactive oxygen species thus protecting pigments from oxidative damage (Conn et al., 
1991; Edge et al., 1997).  
Thermography has been used successfully in previous studies to assess the effect of 
fungicides on plant tolerance to water deficit (Inagaki et al., 2009). They reported that by 
the employment of thermography it was feasible to establish differences in leaf 
temperature between pyraclostrobin treated and untreated plants growing under 
increasing water deficit conditions. The average canopy temperature of plants treated with 
pyraclostrobin was lower than the untreated plants. Previous studies also demonstrated 
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the effectiveness of IR thermography to detect water stress in plants (Gonzalez-Dugo et 
al., 2006; Wang et al., 2010).  
Digital infrared thermography was an effective technique to measure significant 
differences in surface temperature between treatments for all water supply conditions. 
Specifically, this method enabled the detection of differences in the response of plants 
treated with different fungicidal compounds to water deficit. Already at GS 73, it was 
possible to detect significant differences in the canopy temperature between treatments. 
These findings corroborate that thermography can provide an early detection of changes 
in the plant surface temperature influenced by the canopy water status (Jones et al., 
2002). Use of thermography also made it possible to detect the higher tolerance of plants 
treated with bixafen compared to the untreated control under both water deficit conditions.  
Remote sensing techniques have been used before to optimize the application of 
fungicides to control pathogens (Nicholas, 2004; Dammer et al., 2008). This research also 
served to demonstrate the potential of remote sensing methods to evaluate the effects of 
fungicides on the tolerance of crop plants to adverse conditions such as water deficit. 
 
5. CONCLUSION 
 
This study demonstrated that the application of some fungicidal groups had a positive 
effect on the wheat tolerance to water deficit stress. Plants treated with the pyrazole 
carboxamide bixafen were more tolerant to water shortage compared to the other 
treatments. These conclusions are based on the assessment of some plant 
developmental parameters and as well by the measurement of the canopy reflectance and 
temperature. Furthermore, the use of sensors revealed differences in the tolerance to 
water deficit between the untreated control and the fungicide treatments, demonstrating its 
utility. The employment of spectral reflectance and thermography revealed significant 
differences in terms of plant vitality, and both proved to be accurate methods that can 
establish and quantify the potential effects of fungicides on the tolerance of wheat to water 
deficit. Likewise, these two methods provided sensitive detections of differences between 
water stress conditions and treatments. 
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CHAPTER 6: USE OF NON-INVASIVE SENSORS TO STUDY THE 
EFFECTS OF BIXAFEN ON PHOTOSYNTHESIS, 
MORPHOGENESIS AND SENESCENCE OF WHEAT  
 
ABSTRACT 
 
A series of experiments was conducted under greenhouse conditions, in order to 
determine the effects of bixafen on the photosynthetic rate and senescence of wheat 
plants. In conjunction with these experiments, the sensitivity of different non-invasive 
techniques to detect the effect of fungicides on the senescence status was tested.  
Application of bixafen significantly increased the leaf area of wheat. Chlorophyll 
fluorescence and gas exchange measurements were found to be adequate diagnostics for 
detecting differences between bixafen treated and untreated plants in the photosynthetic 
rate of flag leaves. Differences in leaf senescence were detected using image analysis 
software, thus allowing an early detection of the fungicide effect on the senescence status 
of flag leaves. With hyperspectral imaging, it was possible to study differences in the 
senescence status of flag leaf segments. Spectral vegetation indices indicated differences 
between treatments earlier for the leaf tip than for the base and the middle of the flag leaf. 
Both non-invasive techniques allowed the detection and quantification of differences in the 
senescence stage between fungicide-treated and non-treated plants. The potential of 
chlorophyll fluorescence, digital imaging analysis and hyperspectral reflectance for early 
non-invasive detection of fungicide effects on plant senescence was demonstrated in this 
study. Moreover, the results of this study suggest that a combination of non-invasive 
sensors may lead to the detection of earlier changes produced by fungicides on the 
senescence status of plants. Non-destructive hyperspectral sensing may be implemented 
in time series experiments to study the effect of new compounds on plant senescence. 
Keywords: leaf area, photosynthetic rate, RGB image, leaf reflectance, spectral 
vegetation indices. 
 
1. INTRODUCTION 
 
Apart from the fungicidal effect, the application of various active ingredients induced 
physiological changes in wheat and barley (Nason et al., 2007). The effect of fungicides 
on plant senescence has been studied extensively during the last decades. Many 
researchers reported that application of some fungicidal groups can induce a delay of 
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senescence (Cromey et al., 2004; Pepler et al., 2005).  
Leaf senescence is a complex process that involves several physiological and 
biochemical events (Gan and Amasino, 1997). During senescence, one of the primary 
effects is the reduction of the photosynthetic rate as a consequence of the disassembly of 
the photosynthetic apparatus (Grover and Mohanty, 1992). Chlorophyll fluorescence has 
been shown to be a viable diagnostic tool to evaluate the influence of biotic and abiotic 
stresses on the photosynthetic activity of plants (Berger et al., 2007; Bürling et al., 2011). 
Using chlorophyll fluorescence, Lu et al. (2002) observed a substantial decrease in the 
photosynthetic activity during flag leaf senescence. This suggests that the assessment of 
the photosynthetic activity of flag leaves by chlorophyll fluorescence might be a useful 
probe for investigating the effects of fungicides on plant senescence.  
The photosynthetic activity of the flag leaf has a strong influence on the final grain yield, 
rendering it an important topic of research that can potentially be used to improve the 
grain yield of wheat. There are many reports regarding the importance of the flag leaf for 
grain filling (Yoshida, 1972; Evans et al., 1972; Makunga et al., 1978), this organ 
contributes with most of the assimilates required for the grain filling (Rawson et al., 1983). 
The senescence period of the flag leaf of wheat is highly correlated to the period of grain 
filling. Gong et al. (2005) r port   t  t   „st y  r  n‟  ybrid had higher grain yield mainly 
due to the delay of senescence.  
Application of different fungicidal groups resulted in greener flag leaves of wheat 
(Dimmock and Gooding, 2002). Color differences due to senescence are mainly attributed 
to the degradation of chlorophyll (Hörtensteiner, 2006). Methods such as chlorophyll 
extraction and visual assessment have been used to study the effect of fungicides on the 
senescence of plants. These approaches have some disadvantages; chlorophyll 
extraction is a destructive method; therefore, it is not possible to follow the same replicate 
in time series experiments. Furthermore, this technique is restricted to a small part of the 
leaf. The disadvantages of visual assessment of senescence are that the perception of 
colors and light may vary among raters (Bock et al., 2010) and due to the nature of the 
senescence, which is not always homogeneous; the rating could be incorrect and 
imprecise (Hafsi et al., 2000). This makes the employment of non-invasive sensors such 
as reflectance spectrometry and the use of digital image analysis software an alternative 
to assess the effect of fungicide application on the senescence status of crops. 
As shown by Hafsi et al. (2000) for cereal leaves the use of digital image analysis 
software is an adequate alternative to quantify the senescence status of leaves. It has 
also been used successfully for the quantification of disease severity showing it to be 
more precise than visual assessment (Steddom et al., 2005; De Coninck et al., 2012).  
Another non-invasive alternative for the assessment of the senescence status of crop 
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plants is the use of hyperspectral imaging techniques. This non-invasive method has been 
used to assess changes produced by pathogen infections in different crops (Rumpf et al., 
2010; Mahlein et al., 2012a). Moreover, it has been used effectively to measure the effect 
of biotic and abiotic stresses on plant vitality (Mahlein et al., 2012b).  
Santos et al. (2010) demonstrated the suitability of this technique to detect changes in 
plant senescence. Therefore, hyperspectral imaging systems are an alternative to 
destructive and visual assessment of the senescence status of plants. Additionally, using 
hyperspectral imaging systems renders the possibility to study the senescence status of 
different sections of the leaf in order to determine the senescence pattern and when and 
where the differences between treatments might be observed.  
Thus, sensor based methods for the detection of the possible effects of fungicidal 
compounds on plant physiology will improve the screening for new active ingredients. 
New techniques are available such as non-invasive sensors and imaging techniques 
previously discussed which will provide the possibility to detect differences in plant vitality 
between fungicide and non-treated plants earlier than with conventional techniques. 
The overall objectives of this chapter were to: 
i. Determine the effect of the bixafen dose on the morphology and photosynthetic 
rate of wheat plants  
ii. Investigate the effect of bixafen application on wheat senescence by the use of 
non-invasive sensors  
iii. Compare the sensitivity of different techniques to detect the effects produced by 
fungicide application on some physiological parameters. 
 
2. MATERIALS AND METHODS 
 
2.1. Plant material 
Four seeds of wheat, cultivar Passat (KWS GmbH, Einbeck, Germany) were sown in 
plastic pots (13 cm Ø) 1 cm deep. Ten pots were used per treatment. The substrate 
consisted of a mixture of organic soil (Klasmann-Deilmann GmbH, Germany), sand and C 
horizon (12:6:2 v/v). Plants were grown at 24/20 °C (day/night), 70 ± 10% relative humidity 
(RH), photoperiod of 16 h d-1 with supplemental illumination (> 300 µmol m-2 s-1, lamps 
Philips SGR 140, Philips, Hamburg, Germany). Plants were fertilized every two weeks 
with 100 ml of a 0.2% solution of a commercial N-P-K fertilizer (14-10-14, 2 g/l; Aglukon 
GmbH, Düsseldorf, Germany). Plants were carefully inspected in order to control possible 
fungal infections. In order to keep plants free from powdery mildew the fungicide Talius® 
(active ingredient [a.i.] proquinazid, 200 g L-1, DuPont de Nemours, Neu-Isenburg, 
Germany) and the fungicide Vegas® (a.i. cyflufenamid, 51.3 g L-1, Spiess-Urania, 
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Germany) were applied. The insecticides Sumicidin® (a.i. fenvalerate, 25 g L-1, BASF, 
Limburgerhof, Germany) and Bulldock® (a.i. beta-cyfluthrin 125 g L-1, Bayer CropScience, 
Monheim, Germany) were applied when necessary to control insect pests. 
 
2.2. Fungicide treatments 
Two doses of the fungicide bixafen were compared to an untreated control: recommended 
dose (125 g a.i. L-1) and half of the recommended dose. The active ingredient was 
supplied by Bayer CropScience, (Monheim, Germany). The fungicide was applied at 
recommended field rates (water 300 L ha-1). Plants were treated once at growth stage 
(GS) 13 according to the BBCH scale (Hack et al., 1992). A CO2 pressurized hand-
sprayer (Meisterwerkzeuge, Wuppertal, Germany) with an adjustable spray was used for 
fungicide application. To avoid contamination between treatments plants were separated 
and treated far away from each other. After fungicide application plants were randomized 
into the greenhouse. 
 
2.3. Plant development and yield parameters 
Plant height was measured and the number of tillers was counted per replicate on a 
weekly basis after fungicide application. There were a total of 10 replicates, and for each 
replicate, plant height and the number of tillers from two plants were assessed. The mean 
plant height and the mean number of tillers per pot was used for data analysis. The 
length, width and the total leaf area of the top three leaves (F, F-1 and F-2) were 
measured at GS 75. The portable laser leaf area meter CI-203 (CID Bio-Science, Camas, 
USA) was used in a non-destructive way. The device was gently slid from the base to the 
leaf tip to measure the total leaf area. Two plants per replicate per treatment were used to 
determine leaf size. At harvest, the total weight of kernels per ear was measured. 
 
2.4. Assessment of photosynthetic activity 
2.4.1. Chlorophyll fluorescence 
Chlorophyll fluorescence of flag leaves (F) and F-1 of wheat was measured at GS 71, GS 
75, GS 81 and GS 85 with a portable pulse-mo ul t     lorop yll fluorom t r  AM-2000 
(Walz, Effeltrich, Germany). Plants were kept in total darkness for 30 min at room 
temperature directly before fluorescence measurements. The experimental protocol of 
Genty et al. (1989) w s  ollow  . T   m n m l fluor s  n   (Fo) w s m  sur   w t    
modulated light of <0.1 mmol m-2 s-1. Subsequently, a 500 ms pulse of high-intensity (1000 
μmol m-2 s-1) was applied. White light was used to produce a transient closure of the PS II 
photochemical reaction centers. Leaves were continuously illuminated with white actinic 
light (336 mmol m-2 s-1). Seven replicates per treatment were used. All measurements 
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were made between 9:00 a.m. and 4:00 p.m. The effective quantum yield of photosystem 
II was assessed with a PAMWIN data acquisition system (Walz, Effeltrich, Germany).  
The area under quantum yield of the PS II curve (AUQYC) was calculated using the 
equation: 
                 n 
AUQYC= ∑ 1/2(Yi + Yi-1)(Xi – Xi-1)  
               i = 1 
 
Where Yi= effective quantum yield of the PS II value at the ith observation,                        
Xi = measurement number at the ith observation, n = total number of observations. 
 
2.4.2. Leaf gas exchange 
Gas exchange was measured at GS 71, GS 75, GS 81 and GS 85. One flag leaf per 
replicate was used and seven replicates per treatment were measured. The minicuvette 
gas exchange system (CMS-400 Heinz Walz GmbH, Effeltrich; Germany) was used to 
measure the net assimilation and respiration of wheat leaves. Measurements on the flag 
leaves were conducted under light conditions simulating the sun spectrum by the use of 
the lighting unit FL-440 (Walz, Effeltrich; Germany, ± 950 µmol m-2 s-1) after 20 minutes of 
equilibration to measure net CO2 uptake (photosynthetic activity), and under dark 
conditions measuring CO2 release (respiration) after 10 minutes of equilibration. 
 
The area under the photosynthesis curve (AUPC) was calculated using the equation: 
              n 
AU C= ∑ 1/2(Yi + Yi-1)(Xi – Xi-1)  
             i = 1 
 
Where Yi= CO2 uptake value at the ith observation, Xi = measurement number at the ith 
observation, n = total number of observations. 
 
 
2.5. Assessment of senescence 
Two image analysis techniques were used to study the effect of early application of 
bixafen on wheat senescence. The recommended dose (125 g a.i. L-1) was applied at GS 
13 and GS 39 (Hack et al., 1992) and was compared to an untreated control. 
 
2.5.1. Image analysis software 
After the end of heading (GS 59), RGB images of leaves were taken every three days until 
the fully ripe stage (GS 89). The recommended dose of bixafen was compared to the 
untreated control. Eight leaves were assessed per treatment. The images were taken 
using a camera (Canon PowerShot Pro 1) with the following features: 8.0 Megapixel, 
aspect ratio 4.3, focal length 7.2 - 50.8 mm (35 mm film equivalent: 28-200 mm), zoom 
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optical 7.0x, digital approx. 3.2x, combined approx. 22x. The images were stored in high 
resolution - JEPG format. The same leaves were measured and subsequently observed 
until harvest. Leaves were mounted into a special structure constructed in order to have 
the same distance from the camera lens to the leaf surface (45 cm). The image analysis 
software program ASSESS 2.0 (ASSESS 2.0; L. Lamari, American Phytopathological 
Society, St. Paul, MN, USA) was used to analyze the images. The total leaf area, the total 
green leaf area and the total senescent area were calculated in terms of the number of 
pixels (Fig. 6.1). The total senescent area was calculated as percentage of the total leaf 
area ((senescence pixels/total leaf pixels) x 100). 
 
The area under the green leaf area curve (AUGLAC) was calculated using the equation 
given by Cromey et al. (2004),  
 
                   n 
AUGLAC= ∑ 1/2(Yi + Yi-1)(Xi – Xi-1)  
                  i=1 
 
Where Yi= percent green leaf area at the ith observation, Xi = time (days after the end of 
heading) at the ith observation, n = total number of observations. 
 
 
Figure 6.1: Illustration of the methodology to estimate the senescence of flag leaves using the 
software ASSESS 2.0; blue color represented the area calculated by the program; RGB image (A), 
measurement of total leaf area (B), measurement of total green leaf area (C) and measurement of 
total senescent area (D). 
 
2.5.2. Hyperspectral imaging 
Hyperspectral images of untreated and bixafen treated flag leaves were taken at four 
growth stages (GS 65, GS 71, GS 75 and GS 81). Six flag leaves were measured per 
treatment. The leaves were fixed with a rubber band horizontally on a black background in 
 
A B C D 
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order to keep them flat for the measurement. The images were taken using a line scanner 
with a spectral resolution up to 2.8 nm and a spectral range from 400-1000 nm (ImSpector 
V10E, Spectral Imaging Ltd., Oulu, Finland). The images were taken under dark 
conditions. Four ASD Pro-Lamps (Analytical Spectral Devices Inc., Boulder, CO, USA) 
were used to provide an accurate illumination for the assessment. A white and black test 
target (Spectral Imaging Ltd., Oulu, Finland) was used to focus the camera. The software 
SpectralCube (Spectral Imaging Ltd., Oulu, Finland) was used to record the images. Four 
images were taken: A white reference image, a dark current image, a raw white reference 
and a raw image. The four images were normalized using the software program ENVI 4.6 
+ IDL 7.0 (ITT Visual Information Solutions, Boulder, CO, USA). After normalization, the 
Savitzky-Golay filter (Savitzky and Golay, 1964) was applied to smooth the reflectance 
curves. For the reflectance spectra, the sampling method was to sub-divide the leaf in 
three parts for further analysis: leaf base, leaf middle and leaf tip. Specific spectra were 
extracted from an area consisting of 12.000 pixels on average for every region of interest 
from each replicate. The pre-processed images were used to calculate three spectral 
vegetation indices (SVIs; Tab. 6.1) related to senescence and biochemical parameters 
using the ENVI 4.6 + IDL 7.0 software. The normalized difference vegetation index (NDVI, 
Rouse et al., 1974), the plant senescence reflectance index (PSRI, Merzlyak et al., 1999) 
and the structure insensitive pigment index (SIPI, Peñuelas et al., 1995) were calculated 
to detect special and temporal senescence changes in wheat flag leaves at the leaf 
subdivisions. 
 
Table 6.1: Spectral vegetation indices and algorithms used in this study. 
 
Index Equation a Related to Reference 
Normalized 
difference 
vegetation 
index  
NDVI= (R800-R670)/(R800+R670) 
Biomass, plant 
vitality 
Rouse et al., 
(1974) 
Plant 
senescence 
reflectance 
index  
PSRI= (R680-R500)/R750 
Plant 
senescence 
Merzlyak et 
al., (1999) 
Structure 
insensitive 
pigment index  
SIPI= (R800-R445 )/(R800+R680)  
Carotenoid: 
chlorophyll a ratio 
Peñuelas et 
al., (1995) 
     a 
Reflectance at wavelengths indicated. 
 
2.6. Statistical analysis 
Data were analyzed using the statistical program SPSS statistics for Windows             
(IBM Deutschland GmbH, Ehningen, Germany), version 20.0. Data were tested for normal 
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distribution and equality of variances. The data were examined using analysis of variance 
(ANOVA) and the standard errors (SE) on the means were calculated. The means were 
compared using the Tukey test at 95% confidence in order to separate subgroups. The 
correlations between grain yield and different parameters were tested for correlation 
s  n     n   us n     rson‟s  orr l t on  o       nt  t   prob b l ty l v l o  0.05. The t-test 
was used (p < 0.05) for analysis of the senescence status and the spectral vegetation 
indices between untreated control and bixafen treatment. The Levene´s test was used to 
assess the equality of the variances between treatments. 
 
3. RESULTS 
 
3.1. Plant development and yield parameters 
Plant height and the number of tillers were assessed weekly from GS 23 until GS 59. No 
significant differences in plant height were calculated between the untreated control and 
the bixafen treatments (Fig. 6.2). At the last measurement bixafen treatments had 
significantly more tillers than the untreated control (Fig. 6.2).  
*
H
e
ig
h
t 
[c
m
] 
20
30
40
50
60
70
80
Untreated 
Bixafen half recomended dose
Bixafen recomended dose
Growth stage 23 33 39 43 59
N
u
m
b
e
r 
o
f 
ti
ll
e
rs
0
1
2
3
4
Plant height
Number of tillers
Days after sowing 21 28 35 42 49
b
b
a
 
Figure 6.2: Effect of two bixafen doses on plant height and number of tillers of wheat plants       
(cv. Passat). Vertical bars indicate SE, different letters indicate significant differences according to 
Tuk y‟s t st (p ≤ 0.05; n = 10). 
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The recommended bixafen dose was significantly different to the untreated control in 
terms of the area of F and F-1 (Fig. 6.3). Plants treated with the recommended bixafen 
dose had significantly longer F and F-1 leaves compared to untreated and half bixafen 
dose treated plants. No significant differences were calculated for leaf width for these two 
leaf layers (Fig. 6.3). For F-2, bixafen application did not result in significant differences for 
the leaf size parameters compared to the untreated control. 
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Figure 6.3: Effect of two bixafen doses on area, length and width of F, F-1 and F-2 leaves of wheat 
plants (cv. Passat). Vertical bars indicate SE, different letters indicate significant differences 
   or  n  to Tuk y‟s t st (p ≤ 0.05; n = 10); ns, no significant difference. 
 
Plants were harvested and the grain weight per ear was determined. Significant 
differences were calculated between treatments, with the bixafen recommended dose 
application resulting in a higher grain yield compared to the other treatments (Fig. 6.4). 
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Figure 6.4: Effect of two bixafen doses on the grain yield per ear of wheat plants (cv. Passat). 
V rt   l b rs  n    t  SE,      r nt l tt rs  n    t  s  n     nt      r n  s    or  n  to Tuk y‟s t st 
(p ≤ 0.05; n = 10). 
 
The total flag leaf area was positively correlated to the grain yield per ear (Fig. 6.5). A 
coefficient of determination R2 of 0.670 was calculated between these two parameters. In 
contrast, no significant correlation was calculated for the size of F-1 and F-2 leaves and 
total grain yield per ear. The slope (m) of the linear regression for flag leaf area and grain 
yield was steeper than the other two linear regressions. The overall result of the linear 
regression analysis demonstrated that flag leaf size has a higher effect on grain yield 
compared to the other two leaf layers. 
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Figure 6.5: Correlations between F, F-1 and F-2 area and the grain yield per ear of wheat          
( v.   ss t). Ast r sk  n    t s s  n     nt  orr l t on    or  n  to t      rson‟s t st. 
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3.2. Photosynthetic activity 
3.2.1. Chlorophyll fluorescence 
Significant differences were calculated between treatments concerning the effective 
quantum yield of photosystem II (PS II) of the flag leaves (Fig. 6.6). At the first two 
measuring dates, no significant differences were detected between treatments. At GS 81 
and GS 85 application of bixafen recommended dose resulted in significantly higher 
effective quantum yield of PSII compared to the other treatments. 
 
Figure 6.6: Effect of two bixafen doses on the quantum yield of photosystem II of leaves F and F-1 
of wheat plants (cv. Passat). Vertical bars indicate SE, different letters indicate significant 
differences according to Tukey (p ≤ 0.05; n = 7). 
 
The effective quantum yield of photosystem II of F-1 did not significantly differ between 
treatments. The application of the half dose had not effect on the quantum yield of F and 
F-1 compared to the untreated control. The area under quantum yield of PS II curve and 
grain yield per ear showed a positive linear correlation (Fig. 6.7A).  
 
 
Figure 6.7: Correlations between the area under quantum yield of the PS II curve (A) and the area 
under photosynthesis curve (B) and grain yield per ear of wheat (cv. Passat). Asterisk indicates 
significant correlation according to    rson‟s t st. 
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3.2.2. Gas exchange 
Net photosynthesis and respiration of treatments were not significant different at the first 
measurements (GS 71 and GS 75, Fig. 6.8). At GS 81, the net CO2 assimilation of wheat 
flag leaves was significantly influenced by the bixafen recommended dose. The early 
senescence of untreated flag leaves resulted in a lower photosynthetic rate compared to 
bixafen treated leaves. Moreover, at this growth stage, no significant differences were 
calculated between treatments in terms of dark respiration. The last measurements at GS 
85 showed that the recommended dose was significantly higher than the other treatments 
for both photosynthesis and respiration. The statistical analysis revealed that the half dose 
of bixafen did not produce any significant differences in photosynthesis and respiration 
compared to the untreated control.  
T      rson‟s  orr l t on  o       nt r v  l     s  n     nt pos t v  l n  r  orr l t on 
between the area under photosynthesis curve and the grain yield per ear (Fig. 6.7B).  
 
Figure 6.8: Effect of two bixafen doses on the photosynthetic activity and respiration of wheat flag 
leaves (cv. Passat). Vertical bars indicate SE, different letters indicate significant differences 
   or  n  to Tuk y‟s t st (p ≤ 0.05; n = 7). 
 
3.3. Plant senescence 
3.3.1. Assessment of leaf senescence in digital RGB images 
It was possible by using the digital analysis software (ASSESS 2.0) to detect differences 
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in flag leaf senescence between treatments eighteen days after the end of heading     
(Fig. 6.9). Flag leaf senescence was delayed in plants treated with the recommended 
bixafen dose compared to the untreated control. Bixafen application extended the leaf life 
compared to the untreated control on average 6 days. The biggest differences between 
these two treatments were calculated forty-four days after the end of heading (Fig. 6.9).  
 
 
Figure 6.9: Effect of bixafen application on the green leaf area duration of flag leaves of wheat (cv. 
Passat) assessed by ASSESS 2.0. Vertical bars indicate SE, asterisk indicate significant 
differences according to t-test (p ≤ 0.05; n = 8). 
 
The area under the green leaf area duration (AUGLAD) was correlated with the grain yield 
(Fig. 6.10). A positive correlation was calculated between these two parameters; a 
significant correlation coefficient of 0.614 was calculated. 
 
Figure 6.10: Correlation between the area under the green leaf area curve (AUGLAC) and grain 
yield per ear of wheat (cv. Passat). Asterisk indicates significant correlation according to the 
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3.3.2. Plant reflectance and spectral vegetation indices 
At GS 65, leaf reflectance at the base and at the middle of the leaf showed no differences 
between untreated plants and plants treated with bixafen in the visible range (VIS)       
(Fig. 6.11). In contrast, in the near infrared (NIR) bixafen treated leaves had higher 
reflectance than untreated plants. The tip of untreated leaves had higher reflectance in 
VIS and lower in the NIR than bixafen treated leaves. Moreover, the reflectance was 
always higher for both treatments at the leaf tip compared to the other two leaf sections 
analyzed. 
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Figure 6.11: Spectral signatures of bixafen treated and untreated flag leaves of wheat (cv. Passat), 
measured four times during the growth period (GS 65, GS 71, GS 75 and GS 81). Spectral curves 
of the base, middle and tip of flag leaves. 
 
At GS 71, no differences in reflectance were observed for the leaf base compared to the 
previous measuring date. In contrast, the first differences for the middle of the leaves were 
observed in the VIS between treatments. In the case of the leaf tip, the tendency in the 
VIS was the same compared to the previous measurement time; however, the reflectance 
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difference at the NIR was lower compared to the earlier measurement. 
At GS 75, the first differences were observed in the VIS between treatments at the leaf 
bases. Reflectance in the range of 500 to 700 was higher for untreated than for bixafen 
treated leaves. At the middle of leaves reflectance differences in the green peak were 
much higher compared to the earlier measurement. The same effect was observed for the 
leaf tip. Untreated leaves had higher reflectance in the VIS for all leaf sections evaluated 
compared to bixafen treated leaves. 
At GS 81, untreated wheat leaves were in an advanced stage of senescence compared to 
bixafen treated leaves and had higher reflectance in the range 450 to 650 nm and an 
overall increased reflectance in the NIR at the three different leaf sections. Bixafen treated 
leaves were more vital and had lower reflectance at the green peak in all leaf segments.  
Three SVIs related to physiological parameters were calculated from reflectance spectra 
(Tab. 6.2). For the leaf base, no significant differences between treatments were observed 
during any of the measuring dates.  
 
Table 6.2: Effect of bixafen on spectral vegetation indices of wheat (cv. Passat) flag leaves. 
 
Index Growth 
stage 
Treatment Leaf Leaf Leaf 
base middle tip 
NDVI 
65 
Untreated 0.762 0.708 0.576 
Bixafen 0.769 0.725 0.748 
71 
Untreated 0.752 0.705 0.446 
Bixafen 0.749 0.725 0.719 
75 
Untreated 0.725 0.665 0.399 
Bixafen 0.744 0.711 0.665 
81 
Untreated 0.662 0.615 0.259 
Bixafen 0.734 0.694 0.587 
PSRI 
65 
Untreated 0.015 0.019 0.084 
Bixafen 0.012 0.014 0.015 
71 
Untreated 0.022 0.026 0.155 
Bixafen 0.023 0.020 0.035 
75 
Untreated 0.036 0.044 0.171 
Bixafen 0.023 0.026 0.062 
81 
Untreated 0.081 0.082 0.286 
Bixafen 0.029 0.035 0.103 
SIPI 
65 
Untreated 0.729 0.675 0.604 
Bixafen 0.738 0.692 0.705 
71 
Untreated 0.719 0.666 0.529 
Bixafen 0.724 0.690 0.689 
75 
Untreated 0.693 0.631 0.498 
Bixafen 0.712 0.671 0.646 
81 
Untreated 0.649 0.599 0.436 
Bixafen 0.701 0.657 0.599 
Measuring dates highlighted in gray indicate significant differences between treatments according 
to t-test (p ≤ 0.05; n = 6). NDVI, Normalized difference vegetation index, PSRI, plant senescence 
reflectance index and SIPI, Structure insensitive pigment index. 
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For the middle of leaves, the first significant differences between treatments were 
calculated at GS 75. The NDVI of bixafen treated plants was significantly higher than for 
untreated leaves. No significant differences between treatments were detected for the 
other vegetation indices. At GS 81, significant differences between treatments were 
calculated for all vegetation indices.     
For the leaf tip, from the first to the last measuring date, significant differences were 
calculated between treatments for all vegetation indices. 
Figure 6.12 illustrates the spatial distribution of three spectral vegetation indices at GS 65 
and at GS 81 calculated from the hyperspectral imaging data of flag leaves treated with 
bixafen and the untreated control. The NDVI, PSRI and SIPI images demonstrated the 
development of senescence increasing from the tip to the base of flag leaves. Moreover, it 
is possible to observe how the main differences between treatments in the senescence 
status of flag leaves are located at the leaf tip. In contrast, no clearly distinguishable 
differences between treatments were found at the leaf bases. 
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Figure 6.12: Use of spectral vegetation indices calculated from hyperspectral imaging data of bixafen treated and untreated flag leaves of wheat (cv. Passat), 
for the illustration of senescence process from GS 65 to GS 81. NDVI, normalized difference vegetation index, PSRI, plant senescence reflectance index and 
SIPI, structure insensitive pigment index.
Chapter 6 
 
129 
 
4. DISCUSSION 
 
Early application of bixafen recommended dose resulted in a higher number of tillers and 
also in differences in the leaf area of F and F-1 compared to untreated plants. Application 
of various fungicidal groups such as triazoles resulted in modifications of the morphology 
of different crops. Triadimefon and diclobutrazol induced morphological changes in maize 
plants like reduced plant height, mainly attributable to the reduction of shoot elongation; 
and shorter leaves compared to the untreated control (Khalil et al., 1990). A reduction in 
plant height and leaflet area was found in Galium plants treated with epoxiconazole seven 
days after treatment (Benton and Cobb, 1995). Epoxiconazole treated plants had thicker 
leaves and higher chlorophyll content compared to control plants. The effect of azoles on 
leaf anatomy has been reported by many authors. One example is the application of 
triazole compounds, which resulted in variations in leaf anatomy such as elongated 
palisade and spongy mesophyll (Benton and Cobb, 1995). Furthermore, treated leaves 
had a higher number of cells per unit of area in the palisade than untreated control (Gopi 
et al., 2008). The effects of triazoles on plant morphology have been mainly attributed to 
the influence of this fungicidal group on the balance of plant growth regulators (Sankhla, 
et al., 1991; Grossman et al., 1994).   
There are many reports on the effects of fungicides on phytohormonal balance; 
nevertheless, research should target the possible influence of carboxamides on the 
balance of plant growth regulators. This fungicidal group may alter the balance of auxins 
and cytokinins since these phytohormones are highly associated to shoot branching 
(Tanaka et al., 2006; Müller and Leyser, 2011). Both hormones also play an important role 
in leaf growth; cytokinins are involved in the regulation of cell division (Hirose et al., 2008) 
and auxines in cell expansion (Perrot-Rechenmann, 2010). Juvany et al. (2013) reported 
an increase in the endogenous levels of cytokinins during phases of leaf growth. The leaf 
cell production was highly reduced in cytokinin-deficient tobacco compared to the wild 
type (Werner et al., 2001).  
The effect of bixafen on leaf area was reflected in grain yield illustrated by a significant 
correlation between flag leaf area and grain yield. This results from the fact that the light 
interception by the flag leaf is strongly influenced by the leaf size. Bigger leaves will 
intercept more photosynthetic active radiation (PAR) resulting in higher photosynthetic 
rate. In contrast, a low correlation was calculated between the leaf area of F-1 and F-2 
and the grain yield.  
Chlorophyll fluorescence and gas exchange measurements were methods suitable to 
detect differences between bixafen and untreated plants. Both photosynthetic parameters 
were highly correlated to grain yield. Flag leaves treated with bixafen were less senescent 
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than untreated leaves and had higher photosynthetic activity. This is in agreement with 
many reports indicating that grain filling is mainly associated to the photosynthetic activity 
of the flag leaves (Lupton, 1968; Hsu and Walton, 1971; Kaul, 1974). 
Chlorophyll fluorescence was used as a non-invasive technique to investigate the 
influence of fungicide application may have on crop senescence. This method made it 
possible to follow the same samples over time and to identify early differences in the 
senescence status of fungicide treated and untreated wheat. Therefore, chlorophyll 
fluorescence is an accurate alternative to destructive methods such as chlorophyll 
extraction, which is both time consuming and laborious.  
Analysis of RGB images was used to measure the effect of bixafen application on 
senescence of flag leaves. Image analysis allowed the differentiation between fungicide 
treated and non-treated plants already eighteen days after heading. Several studies have 
demonstrated differences in the green leaf area between fungicide treated and untreated 
plants; however, in most studies senescence was determined by visual assessment. The 
results are in agreement with previous studies that have shown the usefulness of image 
analysis to measure the senescence status of cereal leaves (Adamsen et al., 1999; Hafsi 
et al., 2000; Guendouz and Maamari, 2011).  
Previous studies reported the extension of green leaf area duration caused by fungicide 
application (Bayles, 1999; Gooding et al., 2000; Blandino et al., 2009). Green leaf area 
duration was positively correlated to grain yield. This result confirms previous studies, 
which reported a yield increment due to fungicide application mainly attributable to the 
extension of the grain filling period (Dimmock and Gooding, 2002; Pepler et al., 2005).  
Hyperspectral reflectance images were taken to detect early differences in the 
senescence status of fungicide treated and untreated plants. The analysis of 
hyperspectral images allowed to study the pattern of the senescence process in flag 
leaves and to determine the effect of bixafen on the senescence of wheat.  
Differences in reflectance spectra between fungicide treated and untreated plants were 
detected for the leaf tip already at GS 65. This was in contrast to the leaf base; where the 
first differences in the VIS were observed at GS 75. Senescence normally starts from the 
tip to the base of the leaf (Lim et al., 2007; Gregersen and Holm, 2007). In contrast to 
leaves of dicotyledonous plants, wheat leaves have basal meristems; therefore, the oldest 
cells are located in the leaf tip and the leaf base is mainly compound by the youngest cells 
(Boffey et al., 1980; Mullet, 1988). Tewari et al. (2012) demonstrated that activity of the 
antioxidant enzymes increased from the base to the leaf tip, which served as an early 
indicator of the spatial pattern of leaf senescence.  
The spectral reflectance of fungicide treated and untreated plants were used to calculate 
vegetation indices for additional analysis. The spectral vegetation indices used in this 
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study are highly associated to the senescence status and plant vitality (Blackburn, 1998; 
Di Bella et al., 2004; Castro and Sanchez-Azofeifa, 2008).  
The NDVI of the leaf middle resulted in significant differences between treatments earlier 
than the other two indices. This provides evidence of the suitability of this index as an 
indicator for plant senescence (Di Bella et al., 2004).     
 
5. CONCLUSION 
 
Application of bixafen caused a delay of wheat senescence and increased the 
photosynthetic activity of flag leaves. Non-invasive techniques used in this study were 
suitable to detect early differences between fungicide and non-treated plants confirming 
the utility of these techniques to study the effect of fungicide application on plant 
senescence. 
Early differences in the senescence status of flag leaves were detectable by analysis of 
RGB images and hyperspectral imaging. These imaging techniques allowed the screening 
of the possible effects of new fungicidal compounds on the senescence of crop plants. 
The combination of non-invasive sensors might enable the detection of early modifications 
of plant metabolism related to senescence caused by various chemicals. The potential of 
non-invasive methods such as chlorophyll fluorescence, image analysis and hyperspectral 
imaging for an early detection of the effect of fungicide application on plant senescence 
was demonstrated in this study. Non-destructive hyperspectral sensing may be 
implemented in time series experiments to study the effect of new compounds on plant 
senescence. 
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SUMMARY 
 
The main objective of the present thesis was to investigate the effect of different fungicidal 
groups on different physiological parameters of wheat by the employment of non-invasive 
sensors and imaging techniques. Therefore, different studies were conducted under field 
as well as greenhouse conditions to determine the physiological response of wheat plants 
to the application of various fungicidal groups. The present study focused on the reliability 
of non-invasive sensors to detect and differentiate the effects of fungicides on plant 
physiology. The effect of four fungicidal groups on wheat physiology was assessed by the 
employment of five different non-invasive techniques. Furthermore, the first studies were 
performed to determine the reliability of field trials to study the potential beneficial effects 
of fungicides on crop plants and to determine the best environment for the development of 
the further studies.  
 
The results obtained in this study can be summarized as follows: 
 
 Foliar application of the carboxamide, the strobilurin and the azole compounds 
ministered an accurate disease control, which resulted in higher grain yield 
compared to the other fungicide treatments under field conditions. Furthermore, it 
was possible to observe and register the effect of the carboxamide fungicide 
bixafen on the senescence and yield formation of wheat. However, under field 
conditions, the presence of the main foliar pathogens of wheat influenced the 
green leaf area duration as well as the yield, generating a disadvantage for the 
fungicide treatments with low efficacy in disease control. Thus, in order to study 
the potential beneficial effects of fungicides on plant physiology it is necessary to 
perform the studies under disease-free conditions such as in the greenhouse, 
where it would be possible to separate the fungicidal activity from the potential 
effects that those active ingredients may cause on crop physiology.   
 This study demonstrates that the pyrazole carboxamide bixafen induces 
physiological changes in wheat plants such as delayed start of ear emergence, 
increased green leaf area duration and higher physiological activity during grain 
filling due to the delay of plant senescence. In addition, an effect produced by this 
compound on morphogenesis was observed.  
 It was possible in this study to determine the suitability of different sensors and 
imaging techniques to reveal changes in the senescence status of wheat plants 
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due to fungicide application. The physiological parameters recorded by the 
sensors were more sensitive than destructive methods, visual assessments or 
yield parameters. In this study, senescence-associated changes in wheat 
physiology were quantified by using ground-based optical sensors earlier than with 
the conventional methods. The potential of non-invasive methods such as gas 
exchange, chlorophyll fluorescence, spectrometry, imaging analysis and 
hyperspectral reflectance for an early detection of the effect of fungicide 
application on plant senescence was demonstrated in this study.  
 In this study, the effects of some fungicidal groups on the tolerance of wheat to 
water deficit stress were also observed. Specifically, plants treated with the 
carboxamide compound bixafen were more tolerant to drought compared to the 
untreated control. Moreover, plants treated with this active ingredient were found 
to be more tolerant to different water deficit conditions compared to the other 
fungicide treatments. These findings are based on the assessment of some plant 
developmental parameters as well by the measurement of the canopy reflectance 
and temperature.   
 
In summary, the results obtained in this study demonstrated an effect generated by the 
bixafen on wheat physiological parameters such as leaf life extension. Also, morphological 
changes such as increment of the leaf area and shoot branching were observed when this 
fungicidal group was applied. Therefore, a future goal should be to establish the possible 
effect that carboxamides may have on the balance of auxins and cytokinins since these 
two phytohormones are highly associated to shoot branching and leaf growth.  
Additionally, the potential of non-invasive sensors to detect early changes in the 
senescence status of flag leaves due to fungicide application was demonstrated. 
Therefore, non-invasive sensors and imaging techniques serve as an excellent alternative 
to conventional screening methods. In addition, use of these types of techniques will allow 
the screening of the possible effects of new compounds on the senescence of crop plants. 
Finally, non-destructive hyperspectral sensing may be implemented in time series 
experiments for the screening of new compounds to study the possible effect that they 
might produce on the senescence status of plants. 
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